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CHAFER 1. GENERAL INTRODUCTION 
Dissertation Organization 
This dissertation is written in the alternative format in which a literature review (Chapter 
1) is followed by three manuscripts for publication in scientific journals (Chapter 2, 3, and 4). 
The literature review covers: Part A. Detection of quantitative trait loci (QTL), Part B. 
Genetic control of disease resistance and immunity, Part C. Biological model system: 
Salmonella in Poultry, and Part D. Genes of interest for disease resistance and immune 
response to Salmonella. The final chapter, Chapter 5, contains a general discussion and 
recommendations for future work. Relevant references are compiled for each chapter, 
followed by the tables and figures. The manuscripts were prepared for publication in the 
journal Poultry Science (Chapter 2, submitted in January 2002), Immunogenetics (Chapter 3, 
submitted in March 2002), and Animal Biotechnology (Chapter 4, submitted in May 2002). 
Therefore, the organization of the chapter 2, 3, and 4 is in accordance with the format of 
those journals. The coauthors in the manuscripts are: Susan J. Lamont and Michael G. 
Kaiser, Department of Animal Science, Iowa State University; Marcia M. Miller, Division of 
Molecular Biology, Beckman Research Institute of the City of Hope National Medical 
Center, Duarte, CA. 
Literature Review 
Part A. Detection of quantitative trait loci (QTL) 
Disease resistance, like growth, meat quality, and reproductive traits, is a quantitative 
trait showing continuous variation in farm animals including chickens. The genetic variation 
in these quantitative traits are mostly controlled by polygenic loci called "Quantitative Trait 
Loci (QTL)" (Soller, 1994). Identification of QTL is very useful for improving these 
livestock economic traits. Once a QTL is identified and verified, it can be used for marker-
assisted selection (MAS) in a traditional breeding scheme. The genomic studies in farm 
animals have been developed rapidly during the past decade, benefiting from the human 
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genome project. Detailed genetic marker maps have been created and applied for detection 
of QTL in the past few years in the human and mouse as well as major livestock species. 
Generally, there are two major approaches used in QTL detection and/or mapping in farm 
animals: linkage disequilibrium analysis (genome scan approach) and the candidate gene 
approach. 
Linkage disequilibrium analysis (Genome scan approach) 
Linkage disequilibrium (LD) is the nonrandom association of alleles at linked loci (Jorde, 
2000). The genome scan approach for detecting QTL is to use anonymous genetic markers 
spread over the genome to identify genomic regions that affect the quantitative traits, where 
causal genes may be located. By using the interval-mapping method (Haley et al., 1994), 
QTL regions can be detected by following the co-segregation of markers with phenotype in 
structured populations. There are three factors critical for the success of this approach: the 
correct choice of population designs, abundance of available polymorphic DNA markers, and 
statistical tools for detection of QTL. 
Population designs for genome scan approach for detection of QTL: Two kinds of 
mating designs are used for QTL mapping. One is using crosses between populations, 
including F2 and backcross between inbred lines (Soller et al., 1976). The other is using 
segregating populations (outbred populations), such as grand-daughter and full-sib family 
design (Weller et al., 1990; Knott and Haley, 1992). There are both advantages and 
disadvantages for each of the designs. In general, it is easier to detect marker-QTL linkage 
for crosses between inbred lines. It is generally true that the significant effect associated with 
a marker may be due to multiple genes in the region or throughout the genome, may or may 
not be the genes linked to the marker. Thus, we need to separate the effects of the 
chromosomal segments linked to the segregating markers (Weller, 2001). For outbred 
populations, the population is usually at linkage equilibrium for most parts of the genome. It 
is difficult to find the association between marker genotypes and traits of interest because of 
the independent segregation between the QTL and marker alleles. Therefore, it is necessary 
to generate linkage disequilibrium for a segregating population (Weller, 2001). 
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In a genetic study of host defense to diseases, it is generally difficult to detect causative 
factors using the genome scan approach because the genetic basis for most disease resistant 
traits is polygenic. However, such traits can be dissected using genetically well-defined 
inbred lines in which single gene effects are either naturally segregated or experimentally 
isolated by breeding (Gruenheid and Gros, 2000). In the current study, a unique genetic 
cross, the Iowa Salmonella Response Resource Population (ISRRP) was established to 
elucidate the genetic control of resistance to Salmonella enteritidis (SE) in young chicks. 
Outbred broiler sires were each mated to multiple dams from three diverse, highly inbred 
lines to produce multiple hatches of F1 offspring. The polymorphic DNA markers in F1 
generation are informative because dam lines are genetically uniform, and thus the effect of 
heterozygous sire alleles at each polymorphic locus can be directly detected in Fl. Gene 
interactions between sire genetic marker and dam line genetics can also be detected because 
of the diversity of the dam lines. This could help to determine whether the association 
between genetic markers and traits of interest are detectable only in a specific cross, or if 
they are robust over a wide range of genetic combinations. Therefore, information generated 
by using the current population is expected to be more effective in marker-assisted selection 
across populations than information from a cross between only two genetic lines. 
DNA markers and relatively dense linkage map for QTL detection: The major 
genetic markers for QTL mapping are the DNA microsatellites, or simple sequence repeats 
(SSR), which are highly polymorphic, co-dominant, and nearly always polyallelic, and are 
found to be very prevalent throughout all genomes studied so far. Relatively dense genetic 
maps based on microsatellites are being generated for most agricultural species and are 
available on the Internet, although these maps still contain gaps spanning more than 10 centi-
Morgans. A new class of markers, single nucleotide polymorphisms (SNPs), was developed 
and used for mapping and association studies in recent years (Bean, 2001; Weiss, 1998). 
SNPs are generally bi-allelic, and are much more prevalent throughout the genome than 
microsatellites, with an estimated frequency of one SNP per 300 to 500 bp (Brookes, 1999). 
Since the SNPs are so abundant, useful SNPs are defined as a single base pair polymorphism 
in genomic DNA in which the least frequent allele has more than a 1% frequency in a normal 
population, in order for practical use (Brookes, 1999). SNPs are deemed as good alternative 
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markers for mapping and QTL identification in genetic regions where microsatellites are 
poor. 
In chickens, three different populations have been used for the construction of a genetic 
map: the East Lansing population (Crittenden et al., 1993), the Compton population 
(Bumstead and Palyga, 1992), and the Wageningen population (Groenen et al., 1998). The 
three linkage maps have been integrated into one consensus linkage map by Groenen et al. 
(2000), which contains 1,889 loci including 201 identified genes, and spans 3,800 cM. The 
average marker space is approximately 3-10 cM, which corresponds to a distance of roughly 
2-10 million base pairs (Mb) of DNA. Although many gaps in the current genetic map are 
much larger than this distance, the chicken map provides a useful tool for QTL detection in a 
genome scan (http://www.genome.iastate.edu/chickmap). 
Statistical tools for QTL detection: The statistical methods for QTL detection are 
usually parametric, assuming that the phenotypes follow a normal distribution. The analyses 
methods for QTL detection developed so far include least-squares (LS) regression (Haley and 
Knott, 1992; Haley et al., 1994; Martinez and Curnow 1992) and Maximum likelihood 
estimate (MLE) (Lander and Bostein 1989; Jansen, 1992). The major parameters to be 
estimated are means and variances of QTL genotypes, and recombination frequencies 
between genetic markers and QTL. Statistical software packages are available for QTL 
mapping as well. Examples include MAPMAKER/QTL (Lincoln et al., 1992a and 1992b), 
Map manager QT (Manly and Elliott, 1991; Manly, 1993), MapQTL (Van Ooijen and 
Maliepaard, 1996), among others. Complete genome scans using multiple markers have been 
widely applied for QTL mapping; however, this raised a problem of multiple comparison, in 
which the individual test type I error rate is not appropriate anymore. Family-wise error rate 
(FWER) should be used to control the experimental-wise error rate (Westfall et al., 1999). 
Statistical power for experimental design to detect QTL is very important, because it 
determines the sample size needed for a specific design. Since most information for QTL 
detection should be from the individuals with the extreme phenotypic values, a selective 
genotyping technique was proposed to increase the statistical power (Lebowitz et al., 1987; 
Lander and Botstein, 1989). Sample pooling, or bulk segregation analysis, i.e. DNA of 
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individuals with common phenotypes are pooled together for genotyping, was also developed 
and used in finding markers associated with disease resistance (Michelmore et al. 1991) and 
applied for QTL detection (Plotsky et al., 1993; Lipkin et al., 1998). Combined use of 
pooled genotyping and selective genotyping was discussed by Darvasi and Soller (1994). 
There are a few reports on mapping QTL for disease resistance in chicken. A QTL 
region for chicken salmonellosis resistance was recently mapped to chicken chromosome 5, 
using a backcross population crossed between highly susceptible and highly resistant lines, 
where a novel resistance gene, the SALI was designated (Mariani et al. 2001). Vallejo et al 
(1998) reported three to five loci that explained 11-23% of the phenotypic variations in 
Marek's disease (a lymphoproliferative disease in chicken, MD), or 32-68% of the genetic 
variance, using a F2 population of cross between a resistant line and a susceptible line. They 
used the selective genotyping technique and interval mapping. More QTL for susceptibility 
to MD were reported by Yonash et al (1999). Their results suggest that a limited number of 
genomic regions play a major role in the genetic control of MD resistance. Yonash et al 
(2001) reported that three microsatellite markers were significantly associated with antibody 
(Ab) response to Newcastle disease virus (NDV) and Sheep red blood cell (SRBC), or 
antibody response to Escherichia coli (£. coli) and survival, using a resource half-sib family 
crossed between two meat-type chicken lines which had been divergently selected for high or 
low Ab to £. coli. QTL for other economic traits, such as body weight (Tatsuda and 
Fujinaka, 2001), carcass traits (Van Kaam et al., 1999), growth and feed efficiency (Van 
Kaam et al., 1999), have also been reported. 
Candidate gene approach for QTL detection 
The second approach for QTL detection is the candidate gene approach. Candidate genes 
for a particular trait may be structural genes or genes in regulatory or biochemical pathways 
that affect the expression of the trait (Rothschild and Soller, 1997). Therefore, a candidate 
gene is usually chosen from genes of known sequence, and based on their biological or 
physiological functions, to study the association between its genetic polymorphisms and 
traits of interest (Rothschild and Soller, 1997). 
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Candidate genes can also be selected after QTL linkage analysis, which are then called 
positional candidate genes (Rothschild and Soller, 1997). Linkage disequilibrium (LD) 
analysis or genetic mapping results of genetic regions affecting complex diseases and other 
economic traits provides a relatively wide chromosomal segment as the candidate region. It 
is usually about 10-30 cM on average, which is equivalent to 5-15 MB of DNA covering 
300-900 genes (Darvasi and Soller, 1997). Positional candidate genes can be selected from 
those genes already mapped to the QTL regions. Positional cloning for candidate genes can 
be identified based on subsequent high-resolution genetic linkage, i.e. with a genetic interval 
of 0.3 cM, then searching for transcription units within the interval. The natural resistance-
associated macrophage protein 1 (Nrampl) gene was identified as the gene responsible for 
resistance in mice against intracellular pathogens by the positional cloning approach (Vidal et 
al., 1993). The physical maps consisting ordered, overlapping clones from large insert 
libraries, i.e., yeast artificial chromosomes (YACs) and bacterial artificial chromosomes 
(BACs) libraries are being developed in agricultural animals during the past decade. 
Positional cloning for pursuing candidate genes will be more effective with the further 
development of the detailed physical map in chicken. 
Positional candidate genes can also be identified utilizing information of comparative 
map of human and chicken genomes (Smith and Cheng, 1998; Groenen et al., 1999,2000), 
which is denoted comparative positional candidate gene (Johansson et al., 1996). Because 
the human genome map is gene rich, and the evolutionary conservation between human and 
chicken is high (Burt et al., 1999), it is possible to predict what genes are located within a 
chicken QTL region, even when the order of genes is not maintained between the two species 
(Liueta!., 2001a). 
Once a potential candidate gene is selected, the next step for the association between 
candidate gene and traits of interest is to identify polymorphism(s) in the gene. This requires 
that the sequence information is available for the gene at genomic or cDNA level. When 
only cDNA sequence is available, exon boundaries can be inferred from human, mouse, or 
other livestock species; thus, intron fragments can be also amplified for polymorphisms 
identification (Rothschild and Soller, 1997). Primers may be designed based on cDNA 
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sequences for PCR amplification of genomic sequence for the candidate gene, and sequences 
comparison of PCR products from different individuals may help reveal polymorphisms. 
Furthermore, PCR restriction fragment length polymorphism (PCR-RFLP) or single-strand 
conformational polymorphism (SSCP) analysis could be applied to genotyping animals in the 
population. Selective genotyping (Lander and Botstein, 1989) or DNA pooling (Darvasi and 
Soller, 1994) techniques may be used for genotyping within a population, which is similar to 
linkage disequilibrium analysis. 
The F2 progeny of a cross between resistant and susceptible populations are usually used 
for candidate gene association analysis. Different allele frequencies are usually found 
between resistant and susceptible populations; however, these allele frequency differences 
may be due to a locus in linkage disequilibrium with the polymorphic site (or haplotype) at 
the candidate gene. For a population derived from a recent cross between resistant and 
susceptible lines, significant linkage disequilibrium was found extending 20 cM or more to 
both sides of the candidate gene (Soller and Anderson, 1998). Therefore, candidate genes 
may only serve as a "marker" for disease resistance, and additional association study using 
other populations, such as independent random-mating populations, should be done for 
confirmation. Once a candidate gene is confirmed to be associated with disease resistance, it 
can be directly involved in breeding program by using MAS. 
The candidate gene approach has been applied successfully in studies on disease 
resistance and other economically important traits in farm animals. Hu et al. (1997) reported 
that chicken resistance to salmonellosis was linked to NRAMP1 and TNC, by using a 
backcross population from a resistant and a susceptible chicken line. Yonash et al. (1999) 
reported that chicken MHC genomic regions were associated with antibody response to £. 
coli, sheep red blood cells and Newcastle disease virus, by using F2 offspring from a cross 
between high (HC) and low (LC) Escherichia coli antibody lines. Zhou et al. (2001) showed 
that promoter region polymorphism of interferon-y gene was associated with antibody level 
to SRBC and Brucella abortus in a adult hens using an F2 population from crosses between a 
Leghorn (G-Bl) and two Fayoumi (M15.2 and M5.1) inbred chicken lines. Two candidate 
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genes for litter size in pigs, estrogen receptor (Rothschild et al., 1996) and the prolactin 
receptor (Vincent et al., 1998), were also discovered by this approach. 
Identification of the causative structural popymorphism in a candidate gene for disease 
resistance can be done after the association between a candidate gene and the trait. Sequence 
polymorphisms between resistant and susceptible animals may reveal structural mutations or 
regulation mutations. Structural mutations are mutations in coding regions which usually 
cause an amino acid change, thus changing the protein structure, or mutations at exon/intron 
boundaries which cause different splicing of mRNA, therefore change the interaction 
between host cell and pathogens. Regulation mutations, which usually happen within the 5'-
promoter region or regulatory elements located at introns or 3'-untranslated regions, can be 
determined by comparing the gene expression patterns between resistant and susceptible 
animals. However, disease resistance traits are usually polygenic, thus it is difficult to 
distinguish the causative mutations from linked polymorphisms and to prove causal mutation 
because the causative mutations may cause subtle changes in the structure or expression of 
protein (Soller and Anderson, 1998). 
DNA microarray techniques can be used to compare the expression levels for thousands 
of gene or expressed sequences tags (ESTs) between two or more samples simultaneously. 
Normally, fluorescent labeled reverse-transcribed complementary DNA (cDNA) are 
hybridized to genes or ESTs spotted on glass slides or membranes to detect the relative 
expression level for each gene or EST. DNA microarrays have been widely applied to 
analyze gene expression changes on a genome-wide scale, such as to identify human genes 
involved in the pathology of diseases such as rheumatoid arthritis and inflammatory bowel 
disease (Heller et al., 1997) and virus-induced pathogenesis (Zhu et al., 1998), to compare 
the macrophage gene expression profile after Salmonella typhimurium infection and 
lipopolysaccharide (LPS) stimulation in a murine macrophage cell line (Rosenberger et al., 
2000), and to examine changes in host cell gene expression that accompany infection of 
chicken embryo fibroblasts (CEF) with Marek's disease virus (MDV) (Morgan et al., 2001). 
DNA microarrays (functional genomics) can be combined with genome-wide QTL scans 
(structural genomics) for candidate gene study. The positional candidate genes would be 
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genes within QTL location and identified as differentially expressed, for example, between 
disease resistant and susceptible chickens (Liu et al., 2001a). The power of the DNA 
microarray and mapping combination will be improved with the continuous improvements in 
array technology and more dense linkage map with more mapped genes, human-chicken 
comparative maps, and bioinformatic analysis methods (Liu et al., 2001a). 
Part B. Genetic control of disease resistance and immunity 
One major objective in animal breeding strategies is to improve animal health. However, 
it is a difficult goal to achieve by traditional breeding strategies because of the limitations 
involved in the observation of the phenotypes and its polygenic nature (Soller and Anderson, 
1998). For some diseases, the frequencies of highly virulent virus and bacteria strains in the 
field are growing and the vaccines for protecting farm animals from diseases are not always 
effective. Enhancing genetic resistance is an alternative and preferred solution, as it is more 
reliable, economical, and environmentally friendly. 
Single-gene effects versus polygenic control 
Genetic differences (variation) in disease resistance exist in domestic livestock animals. 
Whether these genetic differences are caused by a few genes, each with a relatively large 
effect, or by the aggregate effect of many genes, each with a small impact on the trait are 
critical questions for genetic improvement for disease resistance. If susceptibility or 
resistance to a particular disease is caused by one or a few genes, then the process of genetic 
improvement can be based on selection of parents (breeders) that have the favorable alleles. 
On the other hand, if resistance to a particular disease is under polygenic control, the 
genotype of the parent is unlikely to be known. Improvement in this case would require use 
of animals with favorable breeding values for disease resistance (Kelm et al., 2001). 
Single genes may have large effects on disease resistance. The natural resistance-
associated macrophage protein 1 (NRAMP1) affects host innate immunity to intracellular 
bacteria because of its ability to transport divalent cations in late endosome/lysomes 
(Blackwell et al., 2000; Gruenheid and Gros, 2000). Resistance to MD in chickens was 
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associated with the B21 haplotype of MHC (Briles et al., 1983). Point mutations identified 
within the gene encoding bovine CD 18 were associated with Holstein cattle leukocyte 
adhesion deficiency (LAD), an autosomal recessive disease of multiple defects in leukocytes 
function (Shuster et al., 1992). A mutation in PRKAG3, associated with excess glycogen 
content in pig skeletal muscle, causes detrimental effects on processing yield (Milan et al., 
2000). 
Resistance to disease traits, however, is usually polygenic, and a significant portion of the 
genetic variation is due to a large number of genes (Gavora, 1993). The selection experiment 
of "Biozzi mice" showed that immuno-responsiveness to natural antigens was dependent 
primarily on 2 to 15 loci, the estimates of heritability was about 0.2 (Biozzi et al., 1979). 
Antibody production was negatively correlated with microbicidal activity of macrophage, but 
cell-mediated immunity was not affected, which reveals that critical aspects of the immune 
system are under separate and distinct polygenic control (Biozzi et al., 1979). Zijpp and 
Nieuwland show that after seven generation of selection for high and low antibody 
production to SRBC in chicken lines, a challenge to MDV revealed a significant difference in 
favor of the H line (Zijpp and Nieuwland, 1989). The results of Heller et al. (1992) on 
selection for high and low antibody to E.coli in meat-type chickens suggested that the 
selection affected early immuno-competence. The high response to E. coli was associated 
with a high antibody response to NDV and SRBC, increased phagocytic activity, and 
increased proliferative response to antigen or mitogens (Heller et al., 1992). 
The association of the chicken MHC with immune response and disease resistance 
The understanding of disease-resistance mechanisms has been rapidly increasing for the 
past decade, which is very helpful on development of disease control in poultry and other 
livestock. The major histocompatibility complex (MHC) functions as an antigen-
presentation structure, and partly determines the response of an individual to antigens of 
infectious organisms (Kuby, 1997). The particular set of MHC molecules expressed by an 
individual influences the repertoire of antigens to which that individual's T helper (TH) cell 
and T cytotoxic (Tc) cells can respond (Kuby, 1997). In chickens, a blood group locus 
termed the B complex was discovered by Briles et al. (1950). Later, the B blood group locus 
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was demonstrated to be linked to genes that controlled histocompatibility (Schierman and 
Nordskog, 1961). The effect of MHC on genetic control of immune response has been shown 
in the chicken (Pevzner et al. 1979), swine (Lumsden et al. 1993), and bovine (Weigel et al. 
1991). Different MHC genotype frequencies were shown after long-term selection for 
antibody response to SRBC in chicken (Dunnington et al., 1984; Pinard et al., 1993). 
Association between the MHC and three antibody response traits (£. coli, sheep red blood 
cells, and Newcastle disease virus) was shown by Yonash et al. (1999, 2001). Antibody 
responses in chickens to Newcastle disease (NDV) and Brucella abortus (BA) were different 
among MHC haplotypes (Dunnington et al., 1992). The B-G molecules (MHC class IV) may 
have an important role in the selection of B cells in the chicken bursa (Salomonsen et al., 
1991). 
One of the best characterized associations of a single gene with resistance is that of the 
MHC and viral disease in chicken. Viral infections of poultry can be disastrous in terms of 
both welfare and economics, and, although vaccines have been very successful in combating 
some diseases, viruses can evolve to more virulent pathotypes in vaccinated flocks, 
especially when animals are held under intensive production systems (Bumstead, 1998; 
Witter, 1998). Differences in host genetic susceptibility are known to exist for many of the 
major viral pathogens of poultry. Consequently, an increase in the level of genetic resistance 
provides a possible means of enhancing protection of flocks (Bumstead, 1998). For example, 
selection for improved resistance to MD in chickens is critical because of the increasing in 
virulence of the field viruses and absence of new vaccines to be used in the near future (Schat 
and Davies, 2000). 
Genetic resistance to viral disease in poultry has been studied extensively (Schat and 
Davies, 2000), and the chicken MHC has long been investigated for the association with 
disease resistance to viral pathogen (Lamont, 1998). The best-characterized association of 
the MHC with disease resistance is to MD, where the B21 haplotype shows the most 
resistance to MD (Briles et al., 1977 and 1983, Kaufman and Lamont, 1996), and B19 is 
associated with a dominant susceptibility (Hepkema et al., 1993). Omar and Schat (1996) 
demonstrated that antigen-specific cytotoxic T lymphocytes (CTLs) can be generated in B21 
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B21 chickens. MHC class II is associated with egg production traits or with MD resistance 
(Lakshmanan et al., 1997). 
Rous sarcoma virus (RSV) is a classical replication-competent transforming retrovirus 
with four genes, gap, env, pol, and src. The MHC is strongly associated with progression 
(susceptibility) and regression (resistance) of RSV-induced tumors (Kaufman, 2000). Bacon 
et al. (1981) found that the B2 haplotype was associated with regression, and the B5 haplotype 
was associated with progression. The ability to regress sarcomas was later linked to B-F/B-L 
region using MHC recombinant strains (Aeed et al., 1993). Regression is due to the 
interaction between CTL and MHC class I binding v-src gene derived peptide on the surface 
of tumour cells (Kaufman, 2000; Thackeret al., 1995; Taylor et al., 1992). The MHC is also 
associated with avian leukosis virus infection in chickens (Yoo and Sheldon, 1992; Weigend 
et al., 2001). Bacon et al. (1981) reported that the B2 haplotype was relatively resistant to 
avian lymphoid leucosis (ALV), while the B5 haplotype was relatively susceptible. 
The MHC B haplotype was also associated with other viral diseases. Infectious bursal 
disease virus (IBDV) is a bomavirus, which replicates in B lymphocytes and causes 
apoptosis of B cells in the bursa of Fabric!us and other lymphoid organs. The B haplotype 
may affect IBDV-induced mortality challenged at 28d, in that BI2B12 haplotype was most 
susceptible (Fadly and Bacon, 1992). However, Bumstead et al. (1993) suggested that a 
single gene but not the MHC was associated with mortality rate challenged with IBDV. 
Infectious bronchitis, which is caused by infectious bronchitis virus (IB V), is a respiratory 
disease and occasionally causes nephritis. Infectious bronchitis usually causes a serious 
problem due egg production reduction in laying hens. Infection cannot always be effectively 
controlled by vaccination because of the frequent mutations of viral genes (Cavanagh and 
Naqi, 1997). Seo and Collisson (1997) found that MHC-restricted CTL responses correlated 
with initial decreases in IBV infection and illness. 
The MHC is also associated with bacterial and parasitic pathogens. The fl-complex was 
associated with mortality to SE in a study that challenged neonates by intraperitoneal 
injection with SE in 12 MHC-congenic chickens lines (Cotter et al., 1998). The MHC has 
been associated with resistance to 5. typhimurium in mice (Maskell and Hormaeche, 1986), 
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and with the S. typhimurium bacterial phagocytosis in the pig (Lacey et al., 1989). The B 
complex also influences resistance, susceptibility, and immunity to Eimeria (Caron et al., 
1997; Lillehoj et al., 1989, 1990; Pinard-van derLaan et al., 1997; Uni et al., 1995). 
The association of non-MHC genes with disease resistance and immune responses 
Other genes were demonstrated to be associated with disease resistance. Chicken growth 
hormone (GH1) gene was found to interact with MDV SORF2 (encoding a 179-aa protein, 
found in virulent MDV strains) and was associated with MD resistance in commercial 
chickens (Liu et al., 2001b). The IFN-y gene shows association with primary and secondary 
antibody response to SRBC and Brucella abortus (BA) antigens in the chicken (Zhou et al., 
2001). 
Part C. Biological model system: Salmonella in poultry 
Salmonellae are important zoonotic pathogens that have caused food-borne disease 
worldwide during the last few decades (Tauxe, 1997). Salmonella enterica serovar 
Enteritidis (Salmonella enteritidis, SE) became an increasing problem in many parts of the 
world in the late 1970s, emerging as a major source of salmonellosis in Europe, North 
America, and South America by the mid-1980s (Rodrigue et al., 1990). The SE pandemic 
continued through the late 1980s, and SE incidence increased in two-thirds of the 35 
countries reporting to the World Health Organization (Gomez et al., 1997). In the United 
States, SE comprised 25% of all salmonella isolated by 1995, compared with 5% in 1985 
(Gomez et. al., 1997). The main source for human Salmonellae infectious disease has been 
traced to contaminated US grade-A shelled eggs and to the laying hens at farms that supplied 
the eggs (Van de Giessen et al., 1992; Henzler et al., 1994), or infected broiler breeder flocks 
and broiler rearing flocks and contamination of broilers at slaughter (Corkish et al., 1994; 
McHroy et al., 1989). 
Impact of Salmonella on the poultry industry 
In the poultry industry, flocks of laying hens may be infected with Salmonellae by 
various routes, both vertically and horizontally. Once SE invades into the host, it can 
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colonize in the reproductive tissues and pass to the chicken embryo. Prevention and 
eradication of infection at the level of the (primary) breeding flocks would be utmost 
important. If one or a few of the hens in the primary flock are infected with SE and 
transmitted the infection by transovarian transmission, many of the offspring could be 
infected (O'Brien, 1989; Wierup et. al., 1995). 
Horizontal transmission of SE can happen in the hatchery, on the farm, or during 
shipment. In the hatchery, infection of many other chicks can occur from one or a few 
infected hatching chicks in the hatcher, via equipment, vaccinations or other procedures 
applied in the hatchery. Infection can be rapidly transmitted through contaminated drinking 
water (Nakamura et al., 1994). Other sources of transmission include mice (Henzler and 
Opitz, 1992), feed (Hinton et al., 1989), and airborne droplets or dust particles (Baskerville et 
al., 1992). 
SE can cause systemic infection in chicks and laying hens. Different bacterial strains, 
phage types, ages of birds and inoculum size may affect the outcome of an infection in 
mortality rate, clinical symptoms, fecal shedding and frequency of production of 
contaminated eggs (Suzuki, 1994). Shivaprasad et al. (1990) demonstrated reduced egg 
production, depression, anorexia, diarrhea, and slightly increased mortality among hens 
inoculated with 10* bacterial cells via oral or intravenous routes. Cast and Beard (1990) 
showed a 10-30% decline in egg production after the administration of an oral dose of 10* 
colony-forming units to 27-week-old to 62-week-old birds. 
Economic loss from SE infection in the poultry industry is significant. A survey of U.S. 
chicken farms shows that the economic loss caused by SE are from reduced egg production, 
decreased chicken health, decreased egg prices, and additional labor spent on cleaning, 
disinfection, SE tests of pullets and environmental components, extra feed and vaccination 
(Morales, 1996). Cleaning and disinfection alone can cost as much as $2,500 to $10,000 per 
one chicken house of average size (Mason and Ebel, 1991). One effective way to prevent 
disease is to breed chickens that are more resistant against the pathogen. This calls for a 
better genetic improvement program to be implemented. 
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Host immune response to Salmonella infection 
Numerous studies have demonstrated that humans as well as experimental animal hosts 
respond to Salmonellae infection by activating both humoral and cell-mediated immune 
responses (Jones and Falkow, 1996). The course of a sublethal challenge consists of i) rapid 
clearance of a large fraction of the inoculum; ii) early exponential growth of the remaining 
bacteria in the reticuloendothelia system (RES), mainly in mononuclear cells and in 
polymorphonuclear leukocytes; iii) suppression of the bacterial exponential growth in the 
RES, resulting in a plateau phase, in which macrophages and natural killer (NK) cells are the 
probable effector cells, with interferon (IFN)-y and tumor necrosis factor (TNF)-a as 
mediators; and iv) clearance of the microorganisms from the tissues, which requires specific 
T-cell-dependent and MHC-controlled immune mechanisms (Lalmanach and Lantier, 1999). 
An essential step in Salmonellae pathogenesis is the penetration of the intestinal mucosal 
barrier (Jones and Falkow, 1996). Intestinal epithelial cells (ŒS) form intracellular tight 
junctions, which prevent bacteria or their metabolites from access to the host (Madara, 1998). 
M cells are unique epithelial-like cell type that are interspersed between IES, and have the 
ability to sample lumenal content and transport it to the underlying antigen-presenting cells 
such as macrophages and DCs (Gewirtz and Madara, 2001). Dendritic cells migrating below 
the epithelium layer can open the tight junction between epithelium cells and sample 
Salmonellae from the gastrointestinal tract lumen content (Rescigno et al., 2001). Dendritic 
cells are also important in internalizing and processing bacteria for antigen presentation on 
both MHC class I and class II molecules, and transporting bacteria to the spleen (Rescigno et 
al., 2001, 1998; Svensson et al., 2000, 1997). Macrophages in Peyer's patches also play a 
critical role in phagocytosing and destroying the microorganisms as well as presenting 
bacteria derived peptides to T cells (Lalmanach and Lantier, 1999). Furthermore, bacterial 
interaction with either macrophages or DCs results in up-regulation of several co-stimulatory 
molecules important forT cell activation (Yrlid et al., 2000). 
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Part D. Genes of interest for disease resistance and immune response to Salmonella 
Bumstead and Barrow (1993) showed that inbred chicken lines that were 
resistant/susceptible to 5. typhimurium were also similarly resistant/susceptible to S. 
gallinarum, S. pullorum, and S. enteritidis, which suggested that there may be a general 
mechanism of resistance that may apply to all serotypes of Salmonella in chickens. Many 
genes are involved in host immune response to Salmonella, which are of interest in the 
current study. 
NRAMPl The natural-resistance associated macrophage protein I (Nrampl) gene, 
recognized as Ity/Lsh/Bcg for its role in controlling the early phases of infection with 
Salmonella typhimurium, Leishmania donovani or various mycobacterial species, was 
identified by positional cloning and confirmed by functional analysis of transfected 
macrophage cell lines in vitro, and by gene-knock-out and transgenic mice in vivo 
(Blackwell, 1989; Barton et al., 1995; Govoni et al., 1996; Vidal et al., 1993 and 1995). The 
Nrampl protein is localized to the late endosomal/lysosomal membrane that delivers divalent 
cations such as Fe2+, Zn2+, and Mn2> from the cytosol to endosomal and lysosomal acidic 
compartment (Blackwell et al., 2000). The Nrampl gene is very important for macrophage 
activation to control intracellular replication of microbes, has many pleiotropic effects on 
macrophage function including regulation of MHC class II, tumor necrosis factor-a (TNF-
a), IL-1(3, inducible nitric oxide synthase (iNOS), nitric oxide (NO) release as well as 
antimicrobial activity (Blackwell et al., 2000). In mice, a G—»A substitution at nucleotide 596 
resulted in Gly169-»Asp169 within the transmembrane (TM) 4 domain. NramplMpl69/Mpl69, 
Nrampl'/Mp 169, or NramplA were equally susceptible to BCG, Salmonella, and L donovani 
infections, indicating that the Gly169—>Asp169 substitution was a null mutation at Nrampl 
(Vidal et al., 1995). In chickens, a G—»A substitution at nucleotide 696 of NRAMPl resulted 
in the nonconservative replacement of Arg223 —KHn223 within the predicted TM5-6 region of 
NRAMPl in the chicken, and was associated with mortality to S. typhimurium infection (Hu 
et al., 1997). 
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MHC class I and class II Both macrophages and DCs process bacterial antigens for 
peptide presentation on MHC class I and class II. Macrophages constitutively express high 
levels of MHC class I but must be activated to increase expression of MHC class II in 
response to the bacterial infection, while DCs have moderate to high levels of MHC class I 
and class II (Yrlid et al., 2000). Dendritic cells process S. typhimurium for peptide 
presentation on MHC class I, requiring newly synthesized MHC class I, the proteosome and 
the transporters associated with antigen processing (TAP) (Yrlid et al., 2000). Presentation of 
antigens derived from S. typhimurium was reported to remain confined in vaculoar 
compartments after phagocytosis by macrophages (Steele-Mortimer et al., 1999). In the 
macrophage, the antigen appeared to access class I MHC molecules in a manner that is 
independent of the classical pathway, which is TAP and proteasome independent (Wick and 
Ljunggren 1999: Martin-Orozco et al., 2001). 
Caspase-l and IAP-1 Caspase-1 is important for Salmonella internalization by the type 
HI secretion system (Hueck 1998). The Salmonella type HI secreted invasin protein SipB 
directly binds to and activates caspase-l to trigger macrophage apoptosis (Hersh et al., 
1999). Macrophage apoptosis results in the release of the mature form of IL-1(5, which can 
recruit neutrophils to the infected site, and allow many bacteria to reach the basolateral 
epithelial-cell membrane (Weinrauch and Zychlinsky, 1999). The internalized Salmonella 
may be transferred to spleen and liver where they initiate a systemic immune response. The 
inhibitor of apoptosis proteins (IAPs) family prevent apoptosis by binding and inhibiting 
caspases' activity at various steps of the apoptotic signaling pathway (Jaattela 1999). The ch-
IAP1, which encodes a chicken homolog of the IAP family, was shown to reduce mammalian 
cell apoptosis caused by overexpression of caspase-l in vitro (You et al., 1997). 
Cytokines Cytokines are a group of low-molecular-weight regulatory proteins secreted 
by white blood cells and a variety of other cells in the body in response to a number of 
inducing stimuli (Kuby, 1997). Cytokines are critical regulators of the host response to 
intracellular pathogens (Liles and Van Voorhis, 1995). IFN-y is considered as major 
candidate for enhancing macrophage antibacterial activity, and has been extensively studied 
in salmonellosis (Lalmanach and Lantier, 1999). Ramarathinam et al. (1991) showed that 
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IFN-y was rapidly produced by NK cells of gut-associated lymphoid tissue and spleen 
following oral S. typhimurium infection in mice, and that endogenous production of IFN-y is 
essential in host resistance to 5. typhimurium. Kita et al. (1992) showed that the early 
resistance of ltyr (NrampV ) mice is partly attributable to their capacity to produce IFN-y 
after infection. The spleen cells from Nrampls mice produce significantly lower levels of 
IFN-y compared to NrampV mice (Ramarathinam et al., 1993). 
Interleukin-12, which augments IFN-y production from NK cells and T helper (Th 1) 
cells, plays an important role in cell-mediated immune response to intracellular pathogens 
(Biron and Gazzinelli, 1995). IL-12 protein expression was significantly increased in the 
mesenteric lymph nodes of mice following oral challenge with S. dublin. Mice pretreated 
with anti-IL-12 antibody had increased salmonellosis and reduced survival times compared 
with controls; furthermore, administration of exogenous murine recombinant IL-12 
dramatically increased survival times of mice challenged orally with S. dublin. These results 
suggested that endogenous and exogenous IL-12 significantly augment the mucosal immune 
response against 5. dublin (Kincy-Cain et al., 1996). Mastroeni et al. (1998) showed that for 
anti-IL-12 antibody treated mice, infection with an attenuated aroA Salmonella strain 
induced a higher bacterial load in liver and spleen, and reduced IFN-y production, MHC class 
II antigen expression, and nitric oxide synthase activity. The administration of recombinant 
IFN-y to anti-IL- 12-treated mice was able to restore host resistance and expression of MHC 
class II antigens, which indicated that IFN-y is one of the mediators of the effects of IL-12 
(Mastroeni et al.1998). IL-12 is secreted during the phagocytosis of Salmonella by 
macrophages and immature state DCs, and the production of IL-12 may be very important in 
mounting cell-mediated responses to Salmonella that reside and replicate in vacuolar 
compartments of phagocytic cells (Yrlid et al., 2000). 
TNF-aand IL-1IL-1 and TNF-a are intimately associated in the mechanism of 
inflammation and response to infectious agents (Lalmanach and Lantier, 1999). Morrissey 
and colleagues (1995) found that IL-1 or TNF-a administered prior to infection with S. 
typhimurium increases survival in Nramplr mice but not Nrampls mice, and combined IL-1 
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and TNF-a pretreatment results in greater survival than that seen with either cytokine alone 
in Nramplr mice. Mastroeni et al. (1993) showed that TNF-a was constantly required for the 
control of virulent salmonellae in the RES, both in a sublethal primary infection in innately 
resistant mice and also in a secondary infection in innately susceptible mice immunized with 
a live vaccine. TNF-a showed a synergy with the Nrampl in NO production and a bacterial 
growth inhibitory effect in response to S. typhimurium infection (Abies et al., 2001). 
CD14 and LBP Bacterial lipopolysaccharides (LPS) are the major outer surface 
membrane components present in almost all Gram-negative bacteria and act as extremely 
strong stimulators of innate or natural immunity in diverse eukaryotic species ranging from 
insects to humans (Alexander and Rietsche, 2001). LPS rapidly binds to the 
lipopolysaccharide binding protein (LBP) in the bloodstream, and the cell surface protein 
CD 14, a differentiation antigen of monocytes, was shown to be the receptor for LPS-LBP 
complex (Wright et al., 1990). Data from binding studies as well as direct transfection and 
gene knockout work have all revealed that CD 14 acts as the principal LPS binding protein on 
the surface of monocytes (Wright et al., 1990; Han et al., 1993; Haziot et al., 1996). 
TLRs Toll-like receptors form a gene family that regulate anti-microbial host defense to 
various pathogens. Positional cloning showed that 77r4 was a strong candidate for Lps in 
mice chromsome 4, and as a LPS transducer that is responsible for initiation of cellular 
responses after interaction with the LPS-CD14 complex (Poltorak et al., 1998; Qureshi et al., 
1999). TLR2 recognizes components from a variety of microbial pathogens and is involved 
in host immune response to Gram-positive bacteria as well as Gram-negative bacteria. TLR2 
is considered as essential for binding the bacterial lipoproteins (BLPs) (Takeda and Akira, 
2001). Interestingly, BLP also activates caspase-l through TLR2, resulting in proteolysis 
and secretion of mature IL-10 (Aliprantis et al., 2000). In chickens, two types of TLR were 
recently cloned and designated as chicken TLR (chTLR) type 1 and type 2. Both were 
mapped to chicken chromosome 4ql.l, and showed the highest sequence homology to 
human TLR2 of the nine reported human TLRs (Fukui et al., 2001). The chTLR type 2 
encompasses the function of human TLR2 and TLR4, covering two major signals induced by 
lipoproteins and LPS (Fukui et al., 2001). TLR5 may also play a role in gram-negative 
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bacterial infection. The mouse TlrS was mapped to a QTL for susceptibility to S. 
typhimurium on distal chromosome 1 (Sebastian! et al., 2000). Expression for 77r5 mRNA in 
liver was found to decrease for susceptible MOLF/Ei mice (Sebastiani et al., 2000). Hayashi 
et al. (2001) showed that flagellin, a monomelic constituent of bacterial flagella, is the 
principal ligand for TLR5. 
Other genes in the LPS signaling pathway: The complex of CD14-LPS activates Tlr4, 
which complexes with MD-2, then the signaling cascade traverses myeloid differentiation 
factor 88 (MyD88) (Beutler 2000). MyD88 is necessary for Toll receptor and IL-1R 
signaling, because MyD88-deficient mice are hyporesponsive to LPS and IL-1 (Adachi et al., 
1998; Kawai et al., 1999). MyD88 initiates a signaling pathway which sequentially involves 
IL-lR-associated kinase 1 (IRAKI), tumor necrosis factor-receptor (TNFR)-associated factor 
6 (TRAF6), and nuclear factor (NF)-xB-inducing kinase (NIK) (Medzhitov et al., 1998; 
Muzio et al., 1998a; O'Neill and Greene, 1998; Kopp and Medzhitov, 1999; Yang et al., 
1999). 
Other potential candidate genes from human and mouse studies: A few additional 
genes associated with host resistance to Salmonella in human and mouse studies, are of 
interest in the chicken. The cytokine-inducible nitric oxide synthase (iNOS) is associated 
with resistance to LPS-induced mortality in mice (Wei et al., 1995). Defensins are 
components of the polymorphonuclear leukocyte granulocytes, and have antimicrobial 
activity against gram-positive and gram-negative bacteria and enveloped viruses (Sparkes RS 
et al., 1989). Cathelicidins, which are stored in the cytoplasmic granules of neutrophil 
leukocytes, release antimicrobial peptides upon leukocyte activation, and are related to 
bacterial killing and LPS-neutralization (Zanetti M et al., 1995). 
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CHAPTER 2. NATURAL RESISTANCE-ASSOCIATED MACROPHAGE PROTEIN 
1 GENE POLYMORPHISMS AND RESPONSE TO VACCINE AGAINST OR 
CHALLEGNE WITH SALMONELLA ENTERITIDIS IN YOUNG CHICKS 
A manuscript submitted to Poultry Science 
W. Liu, M. G. Kaiser, and S. J. Lamont 
Abstract 
Salmonella enteritidus (SE) contamination of poultry products is of global food-safety 
concern. The natural resistance-associated macrophage protein 1 (NRAMP1) affects host 
innate immunity to intracellular bacteria because of its ability to transport divalent cations in 
late endosome/lysosomes. Studying the association of the NRAMPl gene and chicken innate 
immune response to SE can, therefore, aid understanding and enhancement of chicken 
genetic resistance to SE. The chicken NRAMPl gene was investigated as a candidate gene 
for SE response in a unique resource population. Outbred broiler sires and three diverse, 
highly inbred dam lines (two major histocompatibility complex-congenic Leghorn and one 
Fayoumi line) produced Ft progeny that were evaluated as young chicks for either bacterial 
load in spleen and cecum after pathogenic SE inoculation, or antibody level after SE 
vaccination. Thirty-seven single nucleotide polymorphisms were identified in 3.1 kb of 
genomic DNA of the NRAMPl gene. A polymerase chain reaction-restriction fragment 
length polymorphism (PCR-RFLP) assay was developed to identify a single-nucleotide 
polymorphism (SNP) in a conserved transport motif. The sire NRAMPl gene SNP was 
significantly associated (P < 0.02) with antibody level to SE vaccine for Sire 8170 offspring 
in the two Leghorn crosses. In Sire 8296 offspring, NRAMPl was significantly associated (P 
< 0.02) with spleen bacterial load in the combined dam-line crosses. This study demonstrated 
the association of a SNP polymorphism in a highly conserved region of NRAMPl with SE 
vaccine and pathogen challenge response in young chicks. 
{Key words: NRAMPl, Salmonella enteritidis, PCR-RFLP, bacterial load, antibody level). 
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Introduction 
Salmonella contamination of poultry products is of global concern because of the 
potential threat to public health (Barrow, 1997). The most common causes of human 
Salmonella food-borne disease are 5. enteritidis and 5. typhimurium (O'Brien, 1988; Angulo 
and Swerdlow, 1998; Hafez, 1999). Because Salmonella enteritidis (SE) infects the 
reproductive tract, as well as the gastrointestinal tract, SE can be deposited into unfertilized 
eggs that are intended for human consumption (Keller et al., 1995). Salmonella enteritidis 
(SE) can be vertically transmitted to progeny by infecting the developing embryo, as well as 
being horizontally transmitted to hatch-mates to cause awide spread pathogenic impact (Gast 
and Beard, 1990). There are increasing concerns regarding antibiotic usage to control 
zoonotic pathogens in livestock, because of the potential for evolution of antibiotic-resistant 
pathogens (Tollefson et al., 1999). Enhancement of natural genetic resistance to Salmonella 
in chickens is, therefore, an important alternative approach to maintain both animal welfare 
and public health. 
One approach to enhance the genetics of immune response and disease resistance is to 
utilize candidate genes. A candidate gene is usually chosen, based on its biological or 
physiological functions, to study the association between its genetic polymorphisms and 
traits of interest (Rothschild and Soller, 1997). Once a candidate gene is identified and 
proven, markers near or within the gene sequence can be developed for marker-assisted 
selection to improve immunity. A small number of potential candidate genes have already 
been identified for Salmonella response in the chicken and mouse. The natural resistance-
associated macrophage protein 1 (NRAMPl) gene is linked to mortality induced by S. 
typhimurium in the mouse (Vidal et al., 1993) and chicken (Hu et al., 1997). The NRAMPl 
gene belongs to a large gene family encoding divalent cation transporters that are localized to 
late endosomes/lysosomes and are proposed to affect intraphagosomal microbial replication 
by modulating divalent cation content in this organelle. The many cellular functions that 
depend on metal ions as cofactors may explain the pleiotropic effects of NRAMPl and its 
complex role in infectious diseases (Blackwell et al., 2000; Gruenheid and Gros, 2000). The 
SALI locus on chicken chromosome 5 was identified as a QTL for Salmonella response 
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(Mariani et al., 2001). Chicken major histocompatibility complex (MHC) haplotypes were 
associated with mortality to SE challenge (Cotter et al., 1997). The role of the Toll-like 
receptor 4 (TLR4) gene in chicken susceptibility to Salmonella infection is under active 
study (Beaumont et al., 2000; Leveque and Malo, 2000). 
Investigation of antibody response to SE vaccination, as well as bacterial colonization 
with pathogenic SE, provides important information to characterize the genetic control of 
multiple levels of response to Salmonella. In the current study, Fi chicks from outbred broiler 
breeder sires crossed with dams of three highly inbred lines, G-Bl, G-B2, and Fayoumi 
(Ml5.2) were used. The unique cross between genetically distant parental lines generated a 
high level of genetic variation, which has the advantage of improving the detection of linkage 
between markers and QTL (Hillel, 1997). The use of multiple dam lines allows detection of 
interaction of sire alleles with the genes of different dam lines. Because the founder lines 
(broiler sire line, G-Bl and G-B2 Leghorn lines, and Fayoumi line) were genetically distinct 
and the dam lines are highly inbred, sire allele effect in the Fi generation is informative for 
all loci that were heterozygous in the sire. Thus we don't have to wait for the segregation of 
the F2 generation (Lamont, 2002). Also, using Fi generation could help to reduce the cross 
noise compared to using Fz generation. As part of a comprehensive program to identify 
genetic markers of host resistance to disease, the objectives of this study were to identify 
sequence polymorphisms of the NRAMPl gene in broiler and diverse inbred lines, to 
develop a method to characterize SNPs in Ft chicks, and to investigate associations between 
an NRAMPl sequence polymorphism and response to challenge or vaccination with SE. 
Materials and methods 
Genetic Material 
The Fi generation of the Iowa Salmonella Response Resource Population (ISRRP) of 
chickens was used. Four outbred broiler breeder male line sires (Kaiser et al., 1998), each 
mated to three to six dams of each of three highly inbred (with inbreeding coefficients 99%, 
Zhou and Lamont, 1999), diverse lines (Zhou and Lamont, 1999), produced an Ft population 
in multiple hatches. The G-Bl and G-B2 inbred lines are two MHC-congenic Leghorn 
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sublines, that have been widely used for studies of MHC-restricted immune response and 
disease resistance (Maccubbin and Schierman, 1986; DiFronzo and Schierman, 1989). The 
Fayoumi (M15.2) line, which originated in Egypt, was imported to the United States because 
of anecdotal high resistance to leukosis. The Fayoumi line is genetically distant from the 
Leghorn and broiler lines and is unique in disease resistance characteristics and in specific 
alleles, compared with inbred Leghorn lines (Lamont et al., 1992; Lakshmanan et al., 1996; 
Zhou and Lamont, 1999). 
Salmonella Pathogenic Challenge and Quantification of Bacterial Load 
The Fi chicks were raised in floor pens and given access ad libitum to water and feed 
meeting or exceeding National Research Council (1994) requirements. The F, chicks (n = 
194) from three hatches were intraesophageally inoculated by intubation with 104 CFU/bird 
of virulent SE Phage type 13a at 1 d of age. Their health status was monitored twice daily. 
Half of the birds each were euthanized at 6 and 7 d of age by cervical dislocation. Spleen 
and cecal content were aseptically harvested for bacterial quantification. The SE culture and 
quantification procedures were as described by Kaiser and Lamont (2001). 
Salmonella Vaccination and Antibody Measurement 
Chicks (n = 314) from two hatches were evaluated for antibody response to SE 
vaccination. Birds were administered 0.2 mL commercial killed SE vaccine ' subcutaneously 
in the neck at 10 d of age. Blood samples (1.0 mL) were drawn from the wing vein of all 
chicks at 21 d of age. Prevaccination samples obtained from several chicks established that 
prevaccination SE antibody levels were not detectable. The blood was allowed to clot, 
centrifuged (16,000 x g, 5 min), and sera were collected and stored frozen until assayed. The 
ELIS A assay was conducted using a commercial SE antibodykit4, with modifications as 
described by Kaiser et al. (1998). The antibody level was represented as (1-S/N), where S = 
sample OD^o, N = the triplicate means of the negative controls' ODeso 
3Biommune, Lenexa, KS. 
4Salmonella enteritidis (antibody test), IDEXX Laboratories, Inc. Westbrook, ME 
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DNA Isolation, Primer Development, and Amplification 
Genomic DNA was prepared by using a standard phenol/chloroform isolation procedure 
from erythrocytes collected from chicks of SE challenge at 5 d of age and chicks of SE 
vaccination at 21 d of age (Dunnington et al., 1990). Primers were designed using Oligo 5s 
from database sequence of GenBank accession # S82465 and U40598 to PCR-amplify the 
NRAMP1 genomic region and were synthesized at the DNA Sequencing and Synthesis 
Facility.6 Primer set NR4F/NR4R (5' GCACGATGCCCACCCTTG 3'; 5' 
GGGACATTGCTGGCGTCAGT 3') was used to amplify a 642-bp fragment from -220 bp 
to 202 bp, including the promoter region, exon 1, regulation factor in intron 1, and partial 
exon 2. Primer set NR5F/NR5R (5' GGGACTGCTGTGCCAGAG 3'; 5' 
TGCTAGCCAAAGGTCAGAGC 3') was used to amplify an 884-bp fragment from exon 4 
to exon 7. Primer set NR6F/NR6R (5'CCGGCGCAGACGGAGGTGCT 3'; 5' 
CCCGCGTAGGTGCCTGTCAT 3') was used to amplify an 872-bp fragment from exon 8 to 
partial exon 11. Primer set NR7F/NR7R (5' GGCGTCATCCTGGGCTGCTAT 3'; 5'-
AGACCGTTGGCGAAGTCATGC 3') was used to amplify an 801-bp fragment from exon 
11 to exon 13. The PCR amplifications were carried out in 25-/tL reaction volume 
containing 25 ng genomic DNA, 0.8 nM of each primer, 200 fiM of each dNTP, 1 unit of 
Taq DNA polymerase,7 2.5 fiL of 10 x PCR reaction Buffer, and 1.5 mM MgCK PCR was 
performed for 35 three-step cycles at 94 C for 1 min. 64 C for 90 s (66 C for NR5F and 
NR5R), and 72 C for 1 min. Amplified products were purified using a MICROCON 
centrifugal filter.* Nucleotide sequencing was performed by the DNA Sequencing and 
Synthesis Facility." All four broiler sires and two individuals from each inbred dam line (total 
n = 10) DNA samples were sequenced using both direction primers (total n = 20 sequences). 
Sequences were analyzed using Sequencher3.1. ' 
5Applied Biosystems, Perkin-Elmer, Foster City, CA. 
6Iowa State University, Ames, LA. 
7Promega Co., Madison, WL 
8 Millipore Corporation, Bedford, MA. 
9 Gene Codes Corporation, Ann Arbor, MI. 
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PCR-RFLP genotyping 
The restriction enzyme sites in these sequences were detected by a sequence analysis web 
server.10 The Sac I restriction enzyme was selected to genotype Fi chicks based on a single 
nucleotide sequence polymorphism at Ser379 among the parents. For PCR-RFLP, 8 /il 
amplified PCR product was digested (4 h at 37 C ) by adding 0.5 #iL Sac I restriction 
enzyme7  (10 unit/pL), 0.2 fiL acetylated BSA (10 pg/pL), 2 fiL 10 x Buffer J, and 9.3 fiL 
HiO to make final reaction volumes of 20 fiL. Separation was by electrophoresis through 
2% agarose gels. Two of the four sires were heterozygous for this SNP and, therefore, only 
their F, offspring were genotyped using PCR-RFLP. The number of F, phenotypic 
observations for spleen bacterial count, cecal content bacterial count, and antibody level, 
were 57, 54, and 163, respectively, for offspring of these two sires. 
Statistical Analysis 
General linear models were used to estimate the association between the NRAMPl 
genotype of the F, chicks of two heterozygous sires and the SE bacteria count using SAS 
software version 8.1.11 Model 1 was used for the combined two sire families. Sire allele 
(allele), sire, dam line, interaction between sire allele and sire, interaction between sire allele 
and dam line are taken as fixed effects in Model 1. The ranges for both spleen SE count (1.04 
x 107 to 3.55 x 109 cfu/mL) and cecum count SE (1.06 x 107 to 5.5 x 108 cfu/mL) were large 
and the distributions for both variables skewed from normality. Both the spleen and cecum 
SE counts were transformed to their natural logarithms as response variables, therefore, to 
achieve normality or homogeneous variance in model construction. 
Model 1: Yjjki = p. + allele, + sirej + dam line* + allelexsirey +allelexdam lineik + e^i 
where Y^are defined as the response variables from each Fi bird, natural logarithms of 
spleen bacteria count or cecal bacterial count. 
l0http://darwin.bio.genseo.edu./~vinAvebGene/RE.html. 
11 SAS Institute, Inc., Cary, NC. 
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To calculate the percentage of sire NRAMPl allele effect accounted for the phenotypic 
variation of spleen or cecum bacterial load, take Model 1 as a full model, and build a reduced 
model with only sire and dam-line fixed effect as explanatory variables. Let SSEfun and 
SSEred as the residual sum of squares for the full and reduced model, and SSTf„u is the total 
sum of squares for the full model, then 100%x(SSEred- SSEfUl])/ SSEred is the percentage 
phenotypic variation accounted by sire NRAMPl allele effect after adjustment by sire and 
dam-line effect, and 100%x(SSEred- SSEfUN)/ SSTM is the percentage phenotypic variation 
accounted by sire NRAMPl allele effect. 
Linear mixed model was used to estimate the association between the NRAMPl genotype 
of the F, chicks of the two heterozygous sire families (n = 175) and the SE vaccine antibody 
level. Model 2 was used for the combined two sire families. Sex and ELIS A plate factors 
were included in the statistical model, based on frequent significance in other antibody 
studies. Plate effect, which varied among ELIS A assays, was considered a random effect. 
Model 2: Yijwmn = H + allele, + sirej + dam linek + allelexsireij +allelexdam lineik 
+ sex, + platem (random) + eywrnn 
where Y,jkimn is defined as response variables from each Ft bird, (1- S/N) for antibody level. 
To calculate the percentage of sire NRAMPl allele effect accounted for the phenotypic 
variation of antibody level, set Model 2 as a full model, build a reduced model with sire, 
dam-line, and sex as fixed effect, plate as a random effect. Then the calculation is same as for 
spleen and cecum bacterial load. 
Results 
NRAMPl Allelic Diversity 
The NRAMPl genomic fragments were sequenced and characterized in four outbred 
broiler sires and two dams from each of three inbred lines, for a total of 10 individuals. 
Sequences were submitted to GenBank database (GenBank accession AF447073, AY072001 
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to AY072007). The sequenced NRAMPl genomic regions had 100% within-inbred line 
nucleotide sequence identity. A total of thirty-seven polymorphisms were identified in the 
3.1 kb region among Leghorn, Fayoumi, and broiler lines. Six polymorphisms were 
identified in the exon regions (Table 1) among the lines that developed the ISRRP, and others 
were in the intron or 5' regulatory regions (data not shown). Most sequence polymorphisms 
(24 of 37) came from comparison of the Fayoumi line with the other lines. 
A PCR-RFLP method was developed to identify a Sac I polymorphism for Ser379 (Figure 
1). Sires 8170 and 8296 were Ser379 heterozygous genotype C/T, sire 8291 and the Leghorn 
lines (G-Bl and G-B2) were homozygous T/T, and sire 8338 and the Fayoumi line (M15.2) 
were homozygous C/C. Thus, Ft offspring from only the two heterozygous sires were 
genotyped to identify the sire allele effect on each SE response trait. 
NRAMPl Associations with Response to SE 
The unique outbred-by-inbred Fi population design was such that only the heterozygous 
NRAMPl sire contributed genetic variation (C or T allele) in the NRAMPl Ser379 alleles to 
the analysis within each dam-line cross. Considering heterozygous sires (genotype C/T) 
families, the genotype for G-Bl and G-B2 Leghorn dams is T/T, the dams can only 
contribute T allele. If a Ft bird for a Leghorn dam was genotyped as C/T, it is very clear that 
this Fi bird inherited the sire C allele, and we say the sire allele type for this Fi bird is C. If a 
Fi bird was genotyped as T/T, then its' sire allele type is T. The Fayoumi cross showed the 
other situation. Both C allele and T allele showed in F, generation. The analysis of both sire 
families combined for three Salmonella response phenotypes indicated a sire effect (P < 0.05 
for antibody level, Table 2), a sire allele-by-dam-line interaction (P < 0.03 for antibody 
level, Table 2), and a sire allele-by-sire interaction (P < 0.01 for spleen SE count, Table 2). 
The NRAMPl allele effect accounted for 19.11% of the phenotypic variation of spleen 
bacterial load and 3.06% of the phenotypic variation of cecum bacterial load, after 
adjustment by the sire and dam-line effect (or the NRAMPl allele effect determined 17.88% 
of the total phenotypic variation of spleen bacterial load and 2.82% of the total variation of 
cecum bacterial load). The NRAMPl allele effect determined 5.90% of the phenotypic 
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variation of antibody response to SE after adjustment by the sire, dam-line, sex, and plate 
effect (or the NRAMPl allele effect determined 3.61% on the total phenotypic variation of 
antibody response to SE). ). Sire NRAMPl polymorphism at the Ser379 position was 
significantly associated (P < 0.02) with spleen SE bacteria burden in Sire 8296 offspring in 
the combined three dam-line crosses, where the C allele was associated with lower spleen 
bacterial load (Table 3). In the Sire 8170 family, NRAMPl polymorphism was significantly 
associated (P < 0.02) with antibody levels in crosses with both Leghorn inbred lines. The C 
allele was associated (P < 0.02) with higher antibody levels in the G-B1 cross but with lower 
antibody levels in the G-B2 cross (P <0.01) (Table 3). There was a significant difference (P 
< 0.001) in antibody level between the two sexes in the two sire families combined (data not 
shown). Females had a lower mean antibody level (0.14 ± 0.03) than males (0.22 ± 0.03). 
The lower antibody response of females was consistent in each sire family. 
Discussion 
Unique NRAMPl SNPs were identified in the current study compared to those previously 
reported in other populations (Hu et al., 1997). The chicken NRAMPl cDNA sequence and 
gene structure have been previously characterized (Hu et al., 1996; Girard-Santosuosso et al., 
1997). In our study, 3.1 kb of the 5-kb NRAMPl genomic region was characterized in ten 
individuals from three breeds of the ISRRP. The discovery of new SNP is likely because the 
current population includes outbred broiler, inbred Leghorn lines and inbred Fayoumi lines, 
which represents more diverse genetics than the inbred white Leghorn lines of the study of 
Hu et al. (1997). Most of the species level SNPs identified (24 of 37) came from comparison 
with the Fayoumi line (Table 1). This molecular divergence agrees with the distant and 
unique genetic background of the Fayoumi line and is in agreement with other molecular 
evaluations of this line (Chen and Lamont 1992; Plotsky et al., 1995; Zhou and Lament 
1999). Among all identified SNPs, the Sac I polymorphism for Ser379 is of particular interest 
because it is in the exon that codes for an evolutionarily conserved binding protein dependent 
transport motif (BPDTS) between TM8 and TM9 (Figure I) (Bairoch, 1991). Even though 
the Ser379 polymorphism of the NRAMPl gene examined in the present study was a 
synonymous substitution (as were all exon polymorphisms identified in this study), its 
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association with Salmonella response may be because of linkage to a functional 
polymorphism. The Ser379 polymorphism was reported, but not further examined, in the 
study of Hu et al. (1997), in which the association between the polymorphism G/A 
(Arg^/Gln223) in NRAMPl and the 5. typhimurium-induccd survival curve was investigated. 
The association between NRAMPl polymorphism and SE responses identified in the 
current study indicated that the genomic region of NRAMPl gene was linked to the SE 
responses. The linkage disequilibrium that exists in the Fi population cannot, however, 
eliminate the alternate hypothesis that the association of the NRAMPl SNP and SE 
responses was because of another gene syntenic to the NRAMPl. The results of the current 
study however showed the association between NRAMPl gene polymorphisms and SE 
responses, thus identifying a specific genomic region of influence on the trait. Considering 
the biological function of NRAMPl identified in mouse (Vidal et al., 1993), and the 
association between NRAMPl polymorphism and mortality in chicks after infection by S. 
typhimurium in an independent study (Hu et al., 1997), together with results from the current 
study, we think that the NRAMPl is a good candidate gene for SE response. 
There were important procedural difference between the current study and the Hu et al 
(1997) study. Hu et al. (1997) reported NRAMPl to be linked with mortality in chicks after 
infection by 5. typhimurium. In their study, pathogen-challenged chicks were 
intramuscularly inoculated with highly virulent 5. typhimurium strain on the day of hatch. In 
the current study, chicks were administered S. enteritidis through the gastrointestinal tract, to 
mimic the usual oral exposure route of infection. The response to S. enteritidis was 
characterized by quantification of SE numbers that colonized two sites (spleen and cecal 
content). Thus, the phenotypes measured in the current study incorporate the important 
effects of mucosal defenses (Jerry et al., 1992) and also characterizes defense properties 
against bacterial colonization of internal organs in the host animal. This model of natural 
route of exposure and detailed quantification of gastrointestinal and internal organ bacterial 
burden may yield information on candidate gene of relevance to field conditions and, 
therefore, of practical importance for marker-assisted selection for enhanced genetic 
resistance to SE. 
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Gene interaction and linkage disequilibrum are important issues in candidate gene studies 
(Rothschild and Soller, 1997). The unique population design of crossing outbred broiler sires 
with multiple, diverse inbred dam lines allowed detection of gene interaction between the sire 
NRAMPl allele and sire, and between sire NRAMPl allele and dam line genetics, on the Ft 
offspring response to SE. This could help to determine whether the association between 
genetic markers and traits of interest are detectable only in a specific cross, or if they are 
robust over a wide range of genetic combinations and therefore expected to be more 
effectively applied in marker-assisted selection across populations. Also, the interaction 
between sire NRAMPl allele and dam lines on Fi response to SE could be more clearly 
detected, because of the homogeneity within each dam-line and the genetic distance between 
the dam lines. There was a significant interaction effect between sire NRAMPl allele and 
sire on the Ft offspring spleen bacterial load, and between sire NRAMPl allele and dam line 
on Fi offspring antibody response to SE vaccine. NRAMPl can influence antigen 
presentation in multiple ways, direct or indirect. The NRAMPl allele directly affects antigen 
presentation by regulating MHC II expression which affects antigen processing and 
presentation (Lang et al. 1997). The indirect effects may arise from the regulatory function of 
NRAMPl on genes related to antigen processing and presentation, such as tumor necrosis 
factor alpha (TNF-a) and interleukin IP (IL-1P) (Lang et al., 1997). The regulatory effects 
may utilize complex pathways. The detected gene interactions may arise from pleiotropic 
effects of the NRAMPl gene on macrophage activation pathways and macrophage function 
(Soo et al., 1998; Blackwell et al., 2000). 
The NRAMPl allele was significantly associated with chick systemic response to 5. 
enteritidis challenge. Lumenal Salmonella can penetrate the epithelial barrier through M cells 
in the gastrointestinal tract via the type HI secretory system (Collazo and Galan, 1997). 
Internalized Salmonella can be engulfed by macrophages beneath epithelial cells via 
phagocytosis and carried to the spleen. Salmonella may survive and replicate within vaculoe 
inside macrophages (Finlay and Brumell, 2000). Dendritic cells can also sample lumenal 
Salmonella and transport bacteria to the spleen (Rescigno et al., 2001). Therefore, the spleen 
SE bacterial load may represent the overall status of host systemic immune response to SE. 
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In mice, the bacterial load of the spleen was significantly lower in Nrampl(r) (resistant) mice 
than Nrampl(s) (susceptible) mice. (Lalmanach et al., 2001). 
The NRAMPl allele was significantly associated with antibody response to S.enteriiidis 
specifically in the MHC-congenic Leghorn crosses. The effect of Nrampl on immune 
response to Salmonella vaccine was also shown in mice (Gautier et al., 1998; Soo et al., 
1998). In a study by Gautier et al (1998), congenic BALB/c-susceptible (Ity/Nrampls) mice 
showed a significantly higher antibody level to 5. abortusovis vaccine strain Rv6 than C.D2-
resistant mice (Ity/NrampT). The influence of Nrampl on response to recombinant 
salmonella vaccines was shown by Soo et al. (1998), who used tetanus toxoid antigen and 
leishmanial gp63 carried by live attenuated 5. typhimurium aroA aroD mutants. 
The interaction between NRAMPl and MHC on antibody response to S. enteritidis in the 
current study may be related to NRAMPl regulation of MHC class II expression as reported 
in other studies. The NrampV allele up-regulates MHC class II expression in mice (Lang et 
al., 1997; Wojciechowski et al., 1999). The G-Bl and G-B2 dam lines used in the current 
study are MHC congenic lines (Chen and Lamont, 1992). Single-strand conformation 
polymorphism assay of the MHC class Hp genomic region showed different patterns between 
G-Bl and G-B2, confirming MHC class HP gene polymorphisms between the two lines (Liu 
and Lamont, unpublished data). Thus, the interaction between NRAMPl and dam-line (of 
the two MHC- congenic lines) may reflect the NRAMPl affecting antibody response to SE 
vaccine through differential regulation of MHC class II expression of the two MHC alleles. 
The NRAMPl gene showed no association with SE cecum bacterial load in the present 
study, even though the NRAMPl gene is important for control of spleen bacterial load. 
Bacteria load in cecal content was not correlated with spleen bacterial load in a study of 
young chick survival and pathogen load to S.enteritidis challenge (Kaiser and Lamont, 2001). 
This finding suggests that independent host genetic mechanisms are responsible for control 
of pathogen load at the two sites. Bacterial load in cecal content is an estimator of fecal 
bacterial shedding, therefore, results of the current study suggest that NRAMPl may not 
affect the level of shedding of SE bacteria. 
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In summary, the Ser379 position SNP of the NRAMPl gene was associated with spleen 
bacterial load after exposure to pathogenic SE and also with antibody production to SE 
vaccination. It may, therefore, be useful for marker-assisted selection to improve resistance 
to S. enteritidis in populations in which potential gene interactions are defined. This study 
confirms and expands previous research on the associations of NRAMPl and Salmonella 
responses, and clearly demonstrates the importance of gene interaction on NRAMPl effects. 
This work supports a previous report of the effect of NRAMPl on chicken innate immune 
response to Salmonella, using different genetic host populations, Salmonella challenge 
species and specific phenotypic traits evaluated. 
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TABLE 1. Distribution of nucleotide sequence polymorphisms in exon 1 to 13 coding regions 
of NRAMPl among parental chicken lines and GenBank sequence 
Line Thr122 Leu 167 Gin'* Ser267 Tyr288 Leu297 Phe298 Phe3" Asn325 lie356 Ser379 Tyr386 
GenBankU40598 ACA TTG CGG TCA TAT CTC TTT TTC AAT ATC AGC TAC 
Broiler Sire 8170 
Broiler Sire 8291 
Broiler Sire 8296 




TABLE 2. LSMeans, standard error (N) and P value between Ser3" C and T sire alleles of NRAMPl gene for antibody 




Sire 8170 Sire 8296 







0.21 ±0.03 (42) 
0.34 ±0.05 (9) 
0.14 ±0.04 (21) 
0.15 ±0.05(12) 
0.24 ±0.03 (57) 
0.19 ±0.05 (10) 
0.25 ±0.04 (21) 





0.18 ±0.04 (32) 
0.21 ±0.06(7) 
0.15 ±0.05 (19) 
0.19 ±0.07 (6) 
0.15 ±0.04 (32) 
0.14 ±0.07 (5) 
0.14 ±0.04 (21) 











20.30 ±0.18 (10) 
20.32 ±0.28 (4) 
20.41 ±0.28 (4) 
20.17 ±0.39 (2) 
20.02 ±0.25 (6) 
20,13 ±0,55(1) 
19.77 ±0.32 (3) 






19.70 ±0.14 (10) 
20.06 ±0.22 (4) 
19.69 ±0.19 (5) 
20.20 ±0.11(22) 
20.04 ±0.14 (10) 
20.20 ±0.14 (9) 











18.52 ±0.24 (9) 
18.16 ±0.32 (4) 
18.50 ±0.41(3) 
18.91 ±0.50 (2) 
18.56 ±0.32 (6) 
19.52 ±0.71(1) 
18.70 ±0.41(3) 





18.95 ±0.19 (18) 
18.90 ±0.27 (9) 
19.04 ±0.41 (4) 
18.91 ±0.36 (5 
18.88 ±0.19 (21) 
18.80 ±0.26 (10) 
18.53 ±0.26 (8) 





'(1 - S/N) for SE antibody ELIS A assay, where S = sample OD 630, and N = the triplicate mean negative control QD630 
2 Natural Log(number) of SE bacteria. 
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FIGURE 1. Ethidium bromide-stained 2% agarose gel electrophoresis of endonuclease 
Sac /-digested polymerase chain reaction product from NRAMP I gene showing 
characteristic polymorphic bands for the Ser379 alleles in the gene in the FI 
population. T/T - homozygotes of NRAMP Ser379 802-bp allele lacking the Sac 
/ site; C/C - homozygotes of NRAMP I Ser379 722-bp allele, exhibiting only the 
digested fragment; C/T - hétérozygotes, showing the presence of both digested 
(722 bp) and undigested (802 bp) bands. The small Sac I digested 80-bp 
fragment is not present in the resolving range of a 2% agarose gel. 
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POLYMORPHISMS WITH VACCINE OR CHALLENGE RESPONSE TO 
SALMONELLA ENTERITIDIS IN YOUNG CHICKS 
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Abstract 
Salmonella enteritidis (SE) is a worldwide source of salmonellosis in humans, caused 
mainly by consumption of contaminated poultry products. The major histocompatibility 
complex (MHC) class I and class II molecules, which function as antigen-presentation 
structures, are involved in both macrophage and dendritic cell immune response to 
Salmonella and may, therefore, play an important role in host resistance to infections. The 
chicken MHC class I and class II were investigated as candidate genes for immune response 
to SE. We characterized the complete MHC B class I cDNA sequences for an outbred 
broiler line and four diverse highly inbred lines: two MHC B congenic Leghorn (G-B2 and 
G-Bl), one Egyptian Fayoumi (M15.2), and one Spanish (Sp21.1), to define the allelic 
sequences within these lines so that we might study the association between particular MHC 
polymorphisms and response to SE. The FI offspring of outbred broiler sires crossed with 
three inbred lines (G-Bl, G-B2, and Fayoumi) were evaluated as young chicks for either 
bacterial load in spleen and cecum after pathogenic SE inoculation or antibody level after SE 
vaccination. Alleles defined by a Lys148 —» Met148 polymorphism in the MHC class I a 2 
domain were associated with spleen bacterial load after SE challenge. These results suggest 
that particular MHC haplotypes may contribute to control of responses to SE challenge or SE 
vaccination, and that particular polymorphisms may serve as markers for genetic resistance 
to SE in the chicken. 
Key words major histocompatibility complex (MHC); Salmonella enteritidis (SE); bacterial 
load; antibody level; single nucleotide polymorphism (SNP). 
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Introduction 
The major histocompatibility complex (MHC) molecules, which function as antigen-
presenting structures, long have been thought to play an important role in disease resistance 
capabilities of an individual (Jeffery and Bangham 2000) and are known to have a major role 
in the response of chickens to the avian herpes virus causing Marek's disease (Briles et al. 
1977; Longenecker and Gallatin 1978). The chicken MHC fl-complex, encodes for three 
major classes of proteins named B-F, B-L, and B-G. The B-G, or class IV MHC, encodes the 
B blood group antigens identified by serological blood-typing that are expressed on cells in a 
variety of tissues (Kaufman and Lamont 1996; Lamont 1998a; Miller et al. 1990; 
Salomonsen et al. 1991). Two B-F and usually two B-L loci (called "major" and "minor" B-F 
and B-L) are present within a single haplotype encoding chicken class I and class II antigen-
presenting molecules (Kaufman et al. 1999b). 
As is typical, cell-surface expressed chicken class I (B-F) molecules are composed of an 
a chain associated noncovalently with ^-microglobulin molecule and peptide antigen. The 
a chain is a polymorphic transmembrane glycoprotein, organized into three extracellular 
domains (al, cx2, and a3), a transmembrane domain, and a cytoplasmic tail. The al and a2 
domain fold to form a peptide-binding cleft (Lamont 1998b), and much of the allelic 
polymorphism is contained within these domains (Kaufman et al. 1999b; Hunt and Fulton 
1998). 
The chicken class II (B-L) molecules are typical class II cell surface glycoproteins 
composed of a chain and (3 chains (Lamont 1998b). Three families of B-LB encoding for P 
chains were grouped on the basis of sequence similarity in the chicken, the B-LBll, B-LBUl, 
and B-LBVI families (Zoorob et al. 1993). Jacob et al (2000) proposed B-LB II and B-LB VI 
are two lineages of B-LB genes. 
In recent years, Salmonella enteritidis (SE) has emerged as a worldwide major source of 
salmonellosis food poisoning in humans. In chickens, SE can be transmitted vertically to the 
progeny via the egg and horizontally to other chicks in the same incubator (Cast and Beard 
1990). Antibiotic therapy and prophylaxis have been applied as strategies to control 
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Salmonella infection in poultry (Zhang-Barber et al. 1999). However, common use of the 
same antibiotics in both chickens and humans raise concerns that antibiotic-resistant bacteria 
might evolve through chronic antibiotic use in treating chickens prophylactically (Tollefson 
et al. 1999). 
Genetic enhancement of the host immune response can increase vaccine efficacy and 
disease resistance (Lamont 1998a). One approach to improve immunity to pathogens such as 
SE is to identify and select genes conferring genetic resistance. Candidate genes are chosen 
on the basis of biological or physiological functions to study associated genetic 
polymorphisms at these loci in populations characterized for the traits of interest (Rothschild 
and Sol 1er 1997). Sequence polymorphisms within candidate genes, especially those located 
in the exons, are of great interest for their potential to affect disease responsiveness. Once 
associations are made with disease resistance, genetic selection within heterogeneous 
populations can be undertaken to improve disease resistance. 
There is mixed evidence for the role of particular B haplotypes in enhancing immunity to 
SE. The MHC B haplotype was associated with mortality in a study that challenged neonates 
by intraperitoneal injection with SE in 12 MHC-congenic chicken lines (Cotter et al. 1998). 
In another study, challenging partially inbred neonatal chicks with Salmonella typhimurium, 
there was no evidence of MHC association (Bumstead and Barrow 1988). In this study, we 
investigated associations between MHC haplotype and response to SE vaccination and SE 
challenge. To accomplish this objective, we have developed and examined methods for 
revealing MHC polymorphisms in the chicken. 
Materials and Methods 
Genetic materials 
Two Leghorn lines (G-B2 and G-Bl), a Fayoumi line (M15.2), and a Spanish (Sp21.1) 
inbred line, plus an outbred broiler line were studied. The G-B1 and G-B2 lines are MHC-
congenic Leghorn lines which have been widely used for studies of MHC-restricted immune 
response and disease resistance (DiFronzo and Schierman 1989; Maccubbin and Schierman 
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1986). The Fayoumi (M15.2) line, which originated in Egypt, was imported to the United 
States in 1954 because of reported high resistance to leukosis. Fayoumi chickens are 
genetically distant from the Leghorn and broiler lines and unique in disease resistance 
characteristics and in specific alleles (Lamont et al. 1992; Zhou and Lamont 1999). The 
Spanish line was highly inbred after importation from Spain. Total RNA from two 
individuals representing each inbred line and two individuals from an outbred broiler line 
were used for MHC B class I cDNA characterization. DNA from two individuals 
representing each inbred line and from the four founder sires of the resource population 
described below were used for genomic DNA sequencing. 
The Iowa Salmonella Response Resource Population (ISRRP) FI generation was used for 
SE vaccination and SE challenge studies (Kaiser et al. 2002). Four outbred broiler breeder 
sires were mated to three to six dams of three inbred lines (Leghorn G-B1 and G-B2; and 
Fayoumi M 15.2) to produce FI chicks. 
Salmonella pathogenic challenge and quantification of bacterial load 
The F, chicks (n = 194) from three hatches were intraesophageally inoculated at 1 d of 
age by intubation with 104 cfu/bird of virulent SE Phage type 13a. Their health status was 
monitored twice daily. Half of the birds each were euthanized at 6 and 7 d of age. Burden of 
SE bacteria was determined by using a quantitative measure of bacterial number isolated 
from samples of spleen and cecal lumen content (Kaiser and Lamont 2001). 
Salmonella vaccination and antibody measurement 
Chicks (n = 314) from two hatches were evaluated for antibody response to SE vaccination. 
Birds were administered 0.2 ml commercial SE vaccine (Biommune, Lenexa, KS) 
subcutaneously in the neck at 10 d of age. Blood samples (1.0 ml) were drawn from all 
chicks from the wing vein at 21 d of age. Prevaccination samples obtained from several 
chicks established that prevaccination SE antibody levels were not detectable. The blood 
was allowed to clot, and then centrifuged (16,000 x g, 5 min), and sera were collected and 
stored frozen until assayed. 
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The ELIS A assay was conducted using a commercial SE antibody kit (IDEXX 
Laboratories, Inc., Westbrook, ME), with modifications described by Kaiser et al. (1998). 
The antibody level was represented as (1-S/NC*), where S = sample OD63o, and NCX = the 
triplicate means of the negative controls' ODeso-
cDNA characterization of MHC I among Leghorn lines G-Bl and G-B2, Fayoumi line 
M15.2, Spanish line Sp21.1, and an outbred broiler line 
Spleen total RNA was isolated using ToTALLY RNA™ Kit (Ambion, Inc., Austin, TX). 
First-strand cDNA was synthesized using RETROscript™ First Strand Synthesis Kit for RT-
PCR (Ambion, Inc., Austin, TX). Three pairs of primers were designed using Oligo-5 
software (National Bioscience, Inc.. Plymouth, MN), based on chicken MHC class IB-FJV 
glycoprotein complete cDNA sequence (GenBank accession #AFO 13491), to amplify 
overlapping regions from the signal peptide to the 3'UTR, spanning six exons (Table 1). The 
PCR amplifications were carried out in a 25-/zl reaction volume containing 25 ng cDNA. 0.8 
/iM of each primer, 200 fiM of each dNTP, 1 unit of Taq DNA polymerase, 2.5 #zl of 10 x 
PCR reaction buffer, and 1.5 mM MgCli(Promega Corporation, Madison, WI). The PCR 
was performed at 94°C for 1 min, 65°C for 1 min, and 72°C for 1 min for 35 cycles. 
The products were electrophoresed in a 1.5% agarose gel and examined after ethidium 
bromide staining. Amplified products were purified using MICROCON® centrifugal filters 
(Millipore Corporation, Bedford, MA). Nucleotide sequencing was performed by the Iowa 
State University DNA facility. For each PCR product, sequencing was performed from both 
directions. Sequence analysis was performed using Sequencher31 software (Gene Codes 
Corporation, Ann Arbor, MI). 
Genomic sequencing of the MHC al and a2 domains 
Genomic DNA was prepared by using a standard phenol/chloroform isolation procedure 
from erythrocytes collected from adult parental birds and 5-d-old FI chicks (Dunnington et 
al. 1990). Primer set CCI-8F2/8R (Table 1) was designed to amplify a 304-bp PCR product 
covering the entire exon 3 (a2 domain) (sequence from GenBank accession #: L28959). 
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Primer set CCI-9F/9R was used to amplify a 503-bp PCR product covering exon 2 (al 
domain) and the intron between exons 2 and 3 (sequence from GenBank accession #: 
M31012). For genomic sequencing, PCR reactions were similar to cDNA amplification, 
except that 5% DMSO was added to the reaction for CCI-9F/R. The PCR amplification 
products of all four broiler sires and two individuals from each inbred dam line (total n = 10 
individuals) were fully sequenced using both directional primers. 
Genotyping an A—>T SNP in the a2 coding region using the BESS-T Scan™ assay 
The BESS (base excision sequence scanning) - T Scan™ assay (Hawkins and Hoffman 
1997) was chosen to scan for an A—>T substitution in B class I exon 3. The BESS- T Scan™ 
assay is a technique that can identify point mutations, deletions, insertions, repeat 
expansions, and frame shift mutations at the sites involving deoxythymidine (Hawkins and 
Hoffman 1997). The PCR is performed with one fluorescent dye labeled primer and a 
limiting amount of dUTP. After PCR, the dU-containing DNA is cleaved at each dU site in 
enzymatic digestion with uracil JV-glycosylase and endonuclease IV. The cleavage step 
produces nested DNA fragments that are then separated on a standard sequencing gel to 
obtain a pattern of bands virtually identical to a "T" lane sequencing ladder, representing the 
banding pattern of dUTP incorporation, is revealed by using fluorescent dye label on the 
primer (Hawkins and Hoffman 1997). 
In the current study, primer CCI-8R was labeled with F AM fluorescent dye. The PCR 
amplifications were carried out in 10-pl reaction volume containing 25 ng genomic DNA, 0.4 
fiM of each primer, 0.8 #il of the dUTP-containing BESS dNTP Mix (BESS-T&G™ Base 
Reader Kit, Madison, WI), 0.4 unit of Taq DNA polymerase (Promega Corporation, 
Madison, WI), 1 fil  of 10 x PCR reaction buffer, and 1.5 mM MgClz. 0.5 gl DMSO was 
added in PCR amplification for CCI-9F/R. The PCR was performed for 35 three-step cycles 
at 94°C for 1 min, 66°C for 1 min, and 72°C for 1 min. BESS-T excision reactions were 
performed using 1 #il BESS 10X Excision Enzyme Buffer, 8 fil PCR product containing 
dUTP, and 1 fil BESS-T Excision Enzyme Mix reaction. Sample analysis was performed by 
the Iowa State University DNA facility using an ABI3700 DNA Sequencer. BESS-T Base 
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Reader analysis was performed using GeneScan* 2.1 software (Perkin Elmer Biosystems, 
Foster City, CA). 
Genotyping BLficlass II among sire, dam lines, and FI offspring using PCR-SSCP assay 
PCR-SSCP has been developed for B haplotyping (Miller et al. 2000). One primer set 
OL284BL and RV280BL was designed to specifically amplify 277-bp from exon 2 of the B-
LB major and minor loci (Table 1). PCR amplifications were carried out in a 25-fil reaction 
volume, similar as genomic sequencing except for using 1.8 mM MgCI?. PCR was 
performed at 94°C for 45 sec, 58°C for 45 sec, and 72°C for 45 sec for 35 cycles. The 
products were first electrophoresed in a 1.5% TBE agarose gel and examined after ethidium 
bromide staining. Ten percent polyacrylamide gels were made following the procedure of 
Miller et al. (2000). For an 18 x 16 x 0.075-cm gel, 11 ml HjO was added to 30% (19:1)6 ml 
Acrylamide/Bis solution (Bio-Rad), 0.9 ml 0.5 x TBE buffer, 9 /il N,N,N',N'-
Tetramethylethylenediamine (TEMED, FisherBiotech), and 90 (il 10% Ammonium 
Persulfate (FisherBiotech). Then the mixture was poured into a Hoefer SE600 dual-cooled 
vertical slab gel electrophoresis unit (Hoefer Pharmacia Biotech, Inc., San Francisco CA). 
The amplified PCR products were denatured by adding 5 /il loading dye (95% formamide, 20 
mM EDTA, 0.05% bromphenol blue, and 0.05% xylene cyanol; Orita et al. 1989a,b) to 2 n\ 
PCR reaction, then heated at 94°C for 5 min, and put on ice for 5 min. The denatured PCR 
products were loaded onto a 10% polyacrylamide gel after the gel was dried for 1-2 h. The 
gels were run at 100 V for 48 h at 4°C in 0.5 x TBE buffer. Gels were stained with Bio-Rad 
Silver Staining Plus Kit (Bio-Rad Laboratories, Hercules, CA) and dried using Promega Gel 
Drying Films. 
The parental individuals including four broiler sires, eight dams from G-B2, seven dams 
from G-Bl, and eight dams from Fayoumi were characterized for BLficlass Q 
polymorphisms using the PCR-SSCP assay. Sixty-six FI offspring of sire 8170 crossed with 
three dam lines were also PCR-SSCP genotyped to identify the sire haplotype. Sire 8170 and 
dams were loaded together, for reference, with the FI offspring on each gel. 
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Statistical analysis 
The General Linear Model was applied for statistical analysis of spleen and cecum SE 
bacterial load using SAS software version 8.1: 
Yijkim = H + Allele, + Sirej + Dam_linek + Hatch, + (Allele x Dam_Iine)ik + eyum 
where Yjjw: Response variables from each Fi bird (natural logarithm for spleen SE bacteria 
count or cecal SE bacterial count). 
The General Linear Mixed Model (SAS software version 8.1) was used for analysis of 
the antibody response to SE vaccination in Sire 8170 family: 
Yjjkimn = + Allele; + DamJinej + Sexk + Hatchi + Platem (Random) + (Allele x Dam_line)ij+ 
(Allele x Sex)ik + e^i™ 
where,Yijkim: Response variables from each Fi bird ((1- S/NC,) for antibody level). Plate for 
ELIS A assay of antibody was considered as a random effect. 
Results 
cDNA characterization of MHC I among Leghorn, Fayoumi, and Spanish inbred line, and an 
outbred broiler line 
The complete MHC class I cDNA sequences were characterized among a total of 12 
individuals from Leghorn (G-B2 and G-Bl), Fayoumi (M 15.2), Spanish 21.1 inbred lines, 
and an outbred broiler line (GenBank accession # AF459826 to AF459830). Sequences of the 
two exons (exon 2 and 3) coding for MHC class I protein al and a2 domains showed high 
polymorphism between lines: 12.1% (65/537) single nucleotide variations caused 23.5% 
(42/179) predicted amino acid changes (Table 2), perhaps reflecting the important antigen-
binding function of these domains. The two exon sequences were highly conserved within 
each inbred line (>99.0% identity among individuals) and among broiler chickens (94.8% 
sequence similarity between the two individuals tested). Pair-wise comparisons within and 
between lines showed 90.48 to 100% sequence similarity in the al and a2 domains, with 
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Spanish-Fayoumi being the least similar in a2 domains, and comparisons within inbred lines 
being most similar. The results reflect the unique genetic characteristics of Fayoumi and 
Spanish lines, which have also been shown in other studies (Lamont et al. 1992; ; Zhou et al 
2001; Zhou and Lamont 1999). Hence, we established the sequence context in which we 
would apply the genotyping tests which follow. 
Genomic sequence characterization of MHC I al and a2 domains; genotyping the A—>T 
polymorphism in MHC class I a2 domain by BESS-T Scan 
Because the MHC I exons 2 and 3 are the most polymorphic in cDNA sequence 
comparisons, and because of the important characteristic of al and a2 domains in peptide-
binding, further study was focused on these two exons. The genomic region of MHC I exons 
2 and 3 and the intervening intron were PCR-amplified and sequenced from four founder 
sires and two dams from each of G-Bl, G-B2 and the Fayoumi inbred line, for a total of 10 
parental birds. In comparing with these sequences with the sequences for the B-FI and IV 
(major and minor) loci Bn (GenBank accession # AL023516), the sequences matched both 
major and minor BF a region with 90-94% sequence similarity (Kaufman et al. 1999b, 
Kaufman and Salmonsen 1997). 
Based on the genomic sequences identified among parental birds, we further focused on 
the association between an A —»T polymorphism at the a2 domain and immunity to SE. The 
A —>T polymorphism caused an amino acid change from Lys148 (polar side chain) in the 
Leghorn lines G-Bl and G-B2 (homozygous T/T) to Met'48 (nonpolar side chain) in Fayoumi 
M15.2 (homozygous A/A). The BESS-T Scan™ assay was used to genotype the SNP. For 
the parental individuals, four broiler sires and fifty-seven dams were genotyped by BESS-T 
Scan™ assay, and the BESS-T Scan genotypes were consistent with the sequence results 
from the PCR amplification from the same four sires and two dams in each inbred line. The 
BESS-T Scan™ assay was efficient at identifying hétérozygotes at the specific polymorphic 
sites for each sire. Sires 8170, 8291, and 8338 showed heterozygosity at this SNP, which 
corresponded to the 127th position from the BESS-T Scan™ assay; sire 8296 was the same as 
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the Fayoumi genotype (A/A). The SE-challenged F1 offspring (n = 114) of the three 
heterozygous sires were then genotyped by BESS-T Scan™ assay (Figure 1). 
Genotyping the BL-fi class H polymorphism by PCR-SSCP assay, and the concordance of 
genotypes between class I a2 BESS-T Scan and class II PCR-SSCP 
The highly polymorphic genomic region, exon 2 (f$l domain) of B-LB gene was 
characterized among the parental lines by using a PCR-SSCP assay (Miller et al. 2000). Sire 
8170, 8291, and 8296 had different PCR-SSCP patterns, Sires 8338 and 8291 seemed to 
share the same pattern (Fig. 2a). This suggests that these two sires may have identical 
sequences at this genomic region. Leghorn G-Bl dams seemed to have two PCR-SSCP 
patterns, with four dams sharing one pattern and the other three sharing another pattern (Fig. 
2b). AU G-B2 dams (zi = 8) shared the same pattern, which was different from both G-Bl 
patterns (Fig. 2b). All Fayoumi dams (n = 8) shared the same pattern, which was different 
from G-Bl and G-B2 patterns (Fig. 2a). 
The two PCR-SSCP haplotypes of sire 8170 were clearly detectable in the F1 offspring 
SSCP patterns, along with those from the dams (Fig. 2c). Among the 66 F1 offspring 
characterized for sire allele type (genotype) for both BLfi class II PCR-SSCP and class I 
BESS-T Scan, complete concordance of class I BESS-T Scan and BLfi class II PCR-SSCP 
genotypes was found for both G-Bl (27/27) and G-B2 (10/10) crosses, but not for the 
Fayoumi cross (23/29). 
The association between MHC polymorphism and SE response in F1 chicks 
The MHC class I sire allele for the Lys148/Met148 polymorphism, detected by the BESS-T 
Scan assay, significantly associated with the spleen bacterial load in the analysis of the 
combined three heterozygous families (P <= 0.02, Table 3 and 4). Sire allele A was 
consistently associated with higher spleen bacterial load across sires and across dam-lines, 
suggesting that allele A may confer greater susceptibility to persistent bacterial colonization 
of internal organs. However, no MHC class I sire allele effect on cecal content bacterial load 
was significant in the same three sire families (Table 3 and 4). 
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The MHC class I Lysl48/Met148 polymorphism inherited from the sire did not show 
significant association with antibody level to SE vaccination in Sire 8170 F1 offspring in the 
current study. However, among the F1 chicks from sire 8170, the antibody response to SE 
vaccination in the G-B1 cross was significantly higher than in the G-B2 cross (Table 5), 
suggesting an effect of dam line MHC. The complete concordance of class I BESS-T Scan 
and BLfi class II PCR-SSCP genotypes was found from the sampled F1 offspring of Sire 
8170 for both G-B 1 and G-B2 crosses. 
Discussion 
There is evidence for the association between MHC polymorphisms and infectious 
disease resistance in animals and humans (review, Jeffery and Bangham 2000). Jeffery and 
Bangham (2000) proposed that infectious pathogens drive MHC diversity based on both 
hétérozygote advantage (overdominant selection) and the rare allele advantage hypotheses. 
Kaufman and Salomonsen (1997) also suggested that the peptide-binding specificity and cell 
surface expression level of MHC are selected by infectious pathogens in the chicken. 
Therefore, the MHC sequence polymorphisms identified between the unique inbred chicken 
lines (Fayoumi and Spanish) and common commercial types such as Leghorn and broiler 
lines, may be useful for detailed analysis of the association between MHC alleles and 
infectious disease. 
The complete concordance between class I a (defined by BESS-T Scan) and class II (3 
(defined by PCR-SSCP) genotypes found in the current study are likely due to the tight 
linkage of class I a and class IIP genes on the B-F/B-L region of microchromosome 16 
(Kaufman et al. 1999a). Complete concordance between class I and class IISSCP patterns 
were also reported using both the C084 family of known B haplotypes (n = 11 offspring) and 
20 samples of unknown MHC genotypes by Miller et al. (2000). However, the discordance 
between class I BESS-T Scan and class II SSCP patterns for Fayoumi M15.2 cross was 
20.7%. Similar results were also found in a F2 population, where there was a 16% 
discordance rate for the cross between G-Bl and Fayoumi Ml5.2, and a 10% disconcordance 
rate for G-Bl by Fayoumi line M5.1 cross. (Zhou and Lamont unpublished data). Because 
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the B-LB family varies in number of genes between haplotypes (Jacob et al., 2000), it is 
possible that Fayoumi line M15.2, which is genetically very distant from both G-Bl and G-
B2 Leghorn lines, has an extra copy of B-LB genes. Previous study with Southern 
hybridization of the MHC-linked C4 gene suggested that the Fayoumi line may have an extra 
copy of this gene (Lamont 1984, unpublished data). Thus, the class I-class II disconcordance 
may be interpreted by the extra copy of the B-LB II gene with the class I genomic regions. 
Both MHC class I and class II molecules are involved in host mucosal protection to 
orally inoculated antigens such as Salmonella (McGhee et al. 1992). Dendritic cells are 
important in initiating immune response to Salmonella, in sampling gastrointestinal tract 
lumenal Salmonella, internalizing and processing bacteria for antigen presentation on both 
MHC class I and class II molecules, and transporting bacteria to the spleen (Rescigno et al. 
1998, 2001; Svensson et al. 1997). Macrophages in Peyer's patches also play a critical role in 
resistance to Salmonella infection, in that both MHC class I and class H molecules are 
involved (Lalmanach and Lantier 1999, Martin-Orozco et al. 2001; Wick and Ljunggren 
1999). 
The MHC is associated with mortality to SE in the chicken (Cotter et al. 1998): with 
resistance to 5. typhimurium in mice (Maskell and Hormaeche 1986); and with S. 
typhimurium phagocytosis in pig (Lacey et al 1989). The 148th amino acid position is not in 
the binding region for the antigenic peptide termini of mammalian species (Hashimoto et al. 
1999). The amino acid change from Lys148 (with polar side chain) to Met'48 (nonpolar side 
chain) may, however, change the a2 domain 3D structure, and thereby affect the ability to 
bind and present antigens. There was no significant interaction between allele type and dam 
line on spleen bacterial load. This study suggests that this A —»T SNP may be very useful for 
marker-assisted selection for resistance to SE in chickens. It also implies that the chicken 
MHC I may be one of the regions responsible for the resistance to SE. The linkage 
disequilibrium that exists in the F1 population cannot, however, eliminate the alternate 
hypothesis that the association of a MHC SNP and spleen SE load was because of another 
gene in the MHC. 
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The sire MHC class I allele was not associated with cecal content bacterial load in the 
same three sire families. In another study of young chick survival and pathogen load to S. 
ente rit idis challenge, bacterial load in cecal content was not correlated with spleen bacterial 
load, which suggests that independent host genetic mechanisms are responsible for control of 
pathogen load at the two sites (Kaiser and Lament 2001). Bacterial load in cecal content is 
an estimator of fecal bacterial shedding. Results of the current study suggest that MHC class 
I gene may not affect the level of shedding and, thus horizontal transmission, of SE bacteria. 
The effect of the MHC on genetic control of immune response has amply been 
demonstrated in the chicken (Kaufman et al. 1999b; Lamont 1998a; Pevzneret al. 1979). An 
MHC I oc2 domain polymorphism was also shown to be significantly (P < 0.0001) associated 
with antibody response to SE in F2 chicks from a cross of Leghorn G-Bl by Fayoumi M 15.2 
(Zhou and Lamont unpublished data). In the current study, the antibody response to SE 
vaccine for F1 chicks in the G-Bl cross is significantly higher than that in the G-B2 cross. 
This is consistent for F1 offspring bearing either sire MHC class I allele. The G-B 1 and G-B2 
lines are MHC congenic lines, with the only difference between them being the 
microchromosome-bearing MHC. This provides further support that a MHC haplotype may 
play a role in the chicks' response to SE vaccine. 
In summary, the current study characterized the complete MHC class I cDNA sequences 
for Fayoumi (M 15.2), Spanish 21.2, and Leghorn (G-B2 and G-Bl) inbred lines, which 
increases the knowledge of MHC I sequences from diverse chicken lines. The current study 
also characterized the MHC class II pi domain polymorphisms by PCR-SSCP assay. 
Association was demonstrated between a Lys148 —» Met148 MHC class I a2 domain 
polymorphism, originating from a broiler population, and spleen bacterial load after 
challenge of an F1 population with SE. This suggests that the MHC class I region may 
contribute to control of spleen bacterial colonization, and thus the polymorphism may serve 
as an effective marker for selection for genetic resistance to SE in the chicken. 
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Table 1. Primer design for cDNA characterization of B-F region and polymorphism 
identification of B-F and B-Lfi genomic regions. 
Gene Primer Sequence PGR product 
B-F CCI-2F 
CCI-2R 
5 ' -CGGTGCG AGGCG ATG-3 ' 














5' -TGC AGTGGG AGCCCCGGAG-3 ' 




5'- GGTAC ATCC AAACGGCGATGAC-3 ' 





5' -TCCTCTGC ACCGTGAAGG -3' 
277-bp genome 













exon 6 exon 7 exonS 3'UTR 
SNP' 3/63 29/264 36/273 13/273 4/108 2/33 2/33 2/18 15/131 
(4.76%) (11.0%) (13.2%) (4.76%) (3.7%) (6.1%) (6.1%) (11.1) (11.45%) 
AAV2 3/21 19/88 23/91 6/91 2/36 0/11 2/11 2/6 
(14.3%) (21.6%) (25.3%) (6.6%) (5.56%) (0%) (18.2%) (33.3%) 
SNP 1 : Single nucleotide polymorphisms: Number of polymorphisms/total number (%). 
AAV2 : Amino Acid variations: Number of polymoiphisms/total number (%). 
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Table 3 Effect of sire MHC I allele, sire, dam line, sex, and two-way interactions with allele 
on three Salmonella response phenotypes (ANOVA, P values) 
Bacterial Load1 Antibody 
Source of variation Cecum Spleen Levels2 
Allele 0.36 0.02 0.24 
Sire 0.37 0.11 — 
Dam line 0.03 0.20 <0.0( 
Sex — — 0.005 
Hatch 0.56 0.03 0.04 
Allele x Sire — — — 
Allele x Dam line 0.14 0.77 0.30 
Allele x Sex 
— — 
0.12 
Plate (Ab level, random) 
— — 
0.13 
Number of observations 114 110 79 
Natural Log (number) of S. enteritidis bacteria. 
2 (1 - S/N) for 5. enteritidis vaccine antibody ELIS A assay, where S = sample OD 630, and 
N = the triplicate means of the negative control QD630. 
Table 4 LSMeans, standard error (N) and P value between A and T sire 
alleles (Lys148 —» Met148) of MHC I gene for S.enteritidis vaccine antibody and bacterial load 
in FI population, by dam-line. 
A T P value 
Antibody1 All 0.23 ±0.03 (33) 0.19 ±0.02 (46) 0.23 
Level G-Bl 0.39 ± 0.06 (3) 0.28 ±0.04 (11) 0.11 
G-B2 0.14 ±0.03 (18) 0.15 ±0.03 (14) 0.87 
Fayoumi 0.16 ±0.03 (12) 0.16 ±0.03 (21) 0.98 
Spleen All 20.24 ±0.09 (57) 20.00 ±0.08 (53) 0.02 
Count2 G-Bl 20.12 ±0.11 (26) 19.95 ±0.13 (16) 0.29 
G-B 2 20.21 ±0.12 (23) 19.89 ±0.11 (22) 0.04 
Fayoumi 20.39 ±0.18 (9) 20.18 ±0.17 (14) 0.35 
Cecum All 18.49 ±0.15 (58) 18.65 ±0.14 (56) 0.36 
Count2 G-Bl 18.33+0.18(27) 18.79 ±0.21 (18) 0.08 
G-B2 19.02 + 0.20(22) 18.76 ±0.18 (24) 0.33 
Fayoumi 18.13 ±0.31 (9) 18.39 ±0.27 (14) 0.48 
'(1 — S/N) for S. enteritidis vaccine antibody ELISA assay, where S = sample OD 630, and 
N = the triplicate means of the negative control OD630. 
2 Natural Log (number) of 5. enteritidis bacteria 
Table 5 LSMeans (N) for sire, dam line, and sex on three Salmonella response phenotypes 
Spleen Count1 Cecum Count1 Antibody Level2 
Sire 8170 20.30 ±0.15 (18)* 18.52 ±0.25 (17) NA3 
Sire 8291 19.97 ± 0.08 (49)b 18.73 ±0.13 (52) NA3 
Sire 8338 20.09 ±0.09 (3)b 18.47 ±0.14 (45) NA3 
G-Bl 20.03 ±0.09 (42) 18.56 ±0.14 (45) 0.33 ±0.04 (14)* 
G-B2 20.04 ±0.08 (45) 18.89 ±0.14 (46) 0.15 ±0.03 (32)b 
Fayoumi 20.28 ±0.13 (23) 18.26 ±0.23 (23) 0,16 ±0.03 (33) b 
Male NA3 NA3 0.25 ± 0.03 (29) * 
Female NA3 NA3 0,17 ±0.02 (50)6 
*'b In each sire, dam line, and sex comparison, means with no common superscript differ significantly (P <0,05). 
1 Natural Log (number) of S. enteritidis bacteria. 
2 ( 1 - S/N) for S. enteritidis vaccine antibody ELIS A assay, where S = sample OD 630, and 
N = the triplicate means of the negative control OD630. 
3 NA = not available. Only Sire 8170 family was used for antibody level analysis; sex was not a factor in bacterial 
load analyses. 
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Fig. 1 Representative family genotypes at polymorphic MHC class I a 2 domain at 127 site 
(Lys148—»Met148) by BESS-T Scan™. 
Fig. 2 PCR-SSCP patterns for MHC class II (31 domain after silver staining, a Sire 8291 
(lane 1), 8338 (lane 2), 8296 (lane 3), and Fayoumi M 15.2 (lanes 4 to 6). b G-B2 (lanes I 
and 2), G-Bl pattern A (lanes 3 and 4) and pattern B (lanes 5 and 6). Two arrows indicate 
the two specific bands for G-Bl pattern A. c Representative patterns for Sire 8710 by G-B2 
cross family: Sire 8170 (lane 1), G-B2 dams (lanes 2 and 3), sire haplotype 1 pattern (lanes 4, 
7, and 8), and sire haplotype 2 pattern (lanes 5,6, and 9). Four arrows indicate the clearly 
visualized four different bands between sire haplotype 1 and 2 patterns. 
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CHAPTER 4. CANDIDATE GENE APPROACH: ASSOCIATION OF CASPASE-1, 
INHIBITOR OF APOPTOSIS PROTEIN-1, AND PROSAPOSIN GENE 
POLYMORPHISMS WITH RESPONSE TO SALMONELLA ENTERITIDIS 
CHALLENGE OR VACCINATION IN YOUNG CHICKS 
A manuscript submitted to Animal Biotechnology 
W. Liu and S. J. Lamont 
Abstract 
Salmonella enteritidis (SE) contamination of poultry products is a major cause of food-
borne disease worldwide. Caspase-l and inhibitor of apoptosis protein-I (IAP-1) were 
selected as candidate genes for chicken response to SE because their proteins play critical 
roles in the apoptotic pathway when intracellular bacteria interact with host cells. Prosaposin 
(PSAP) was selected as a positional candidate gene based on a previous quantitative trait loci 
(QTL) linkage study using the same population. The Fi offspring of outbred sires crossed 
with three diverse, highly inbred dam lines (two major histocompatibility complex-congenic 
Leghorn lines named G-B 1 and G-B2, and one Fayoumi line) were used to define the 
phenotypes. The F, birds were involved in either pathogenic SE challenge, in which spleen 
and cecum content bacterial load were quantified, or SE vaccination, in which plasma 
antibody level to SE vaccine was evaluated. A polymerase chain reaction-restriction 
fragment length polymorphisms (PCR-RFLP) assay was developed to identify single-
nucleotide polymorphism (SNP) in the three genes. The Fi offspring of heterozygous sires 
for each gene were genotyped. The sire caspase-l gene was significantly associated with 
cecum content bacterial load (P = 0.04) in the three combined dam line crosses, and with 
spleen bacterial load in the G-Bl cross (P = 0.02). The sire caspase-l gene was also 
significantly associated with antibody level to SE vaccine (P = 0.03) in F, males in the three 
combined dam line crosses. The sire IAP-1 gene was significantly associated with spleen 
bacterial load (P = 0.04) in the three combined dam-line crosses, and interacted with dam-
line genetics (P = 0.01) for cecum content bacterial load. The sire PSAP gene significantly 
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interacted with sex for spleen bacterial load (P = 0.004). This study is the first to 
demonstrate the association of SNPs for caspase-l, IAP-1, and PSAP genes with SE vaccine 
and with pathogen challenge response in chickens. 
Introduction 
Salmonellae are important zoonotic pathogens that have caused food-borne disease 
worldwide during the last few decades (1). Salmonella enterica serovar Enteritidis (or 
Salmonella enteritidis, SE) began rapid global spread in the 1980s (2), and has become the 
most common of nontyphoidal serovars of Salmonella contributing to an emerging 
worldwide pandemic (3). The main source for human Salmonella infectious disease is from 
consumption of improperly handled, contaminated U.S. grade-A shelled eggs and 
contaminated poultry meat (1). Chronic subtherapeutic use of antimicrobial agents in 
domestic livestock may prevent bacteria diseases as well as promote growth. However, this 
approach may become an important factor in transmitting antibiotic-resistant Salmonella to 
humans through the food chain (4). Genetic approaches to improve the chicken's innate 
resistance to Salmonella, therefore, provide a useful alternative solution to controlling 
Salmonella infection in poultry. 
One method of genetically improving host resistance to disease is to utilize identified 
candidate genes in marker-assisted selection. Candidate genes may be selected for evaluation 
based on their biological or physiological functions on the traits of interest (5). 
Understanding the interaction between a pathogen and the host defense system is very 
helpful for candidate gene selection. 
Caspase-l, also known as IL-1 ^ -converting enzyme (ICE), is mainly responsible for 
cytokine maturation, such as processing IL-10 and IL-18 (6). Caspase-l plays an essential 
role in Salmonella infection of the host, in that Salmonella invasion protein B (SipB) induces 
macrophage apoptosis by binding to and activating proapoptotic protease caspase-l (7). 
Caspase-l activation induces apoptosis, as well as processing the proinflammatory cytokines, 
pro-EL-lbeta and pro-IL18, into their mature bioactive forms. Thus, Salmonella-induced 
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apoptosis results in a proinflammatory cascade (8). Therefore, caspase-l gene was selected 
as a candidate gene for chicken response to Salmonella. 
Inhibitor of apoptosis protein-1 {IAP-1) gene was selected as a candidate gene because it 
is a member of the IAP family, which are involved in host antiapoptotic mechanisms (9). 
The IAPs prevent apoptosis by binding and inhibiting caspase's activity at various steps of 
the apoptotic signaling pathway (10-12). The chicken IAP-1 mRNA is mainly expressed in 
spleen, thymus, bursa, lung, and intestine and can reduce mammalian cell apoptosis caused 
by overexpression of caspase-l (13). However, there is no report on the association between 
IAP genes and bacterial infection to date. 
Positional candidate gene selection after quantitative trait loci (QTL) linkage analyses is 
the other approach for candidate gene selection (5). Chicken microsatellite marker ADL0138 
is associated with a QTL for chicken response to SE vaccination (14) and SE challenge (15) 
in the same Ft population as in the current study. Prosaposin (PSAP) is a gene closely linked 
to ADL0138 on chromosome 6 (16), and thus was considered as a potential QTL for chicken 
response to SE. Prosaposin generates saposins that are activators of known lysosomal 
enzymes (17). It is proposed that Salmonella can survive inside the host cell via a mechanism 
that modifies the environment of the phagosome (18). Since the phagosome is using 
lysosomes to produce lytic enzymes that should be lethal to Salmonella, it is possible that the 
precursor protein, prosaposin, plays a role in Salmonella infection. 
The candidate gene approach is an effective strategy to identify QTL for livestock disease 
resistance, immune response, reproduction, and meat quality traits (19-24). A few potential 
candidate genes have been identified for chicken response to Salmonellae (25-28). The 
objectives of this study were to identify sequence polymorphisms of the caspase-l, IAP-1, 
and PSAP genes in parental broiler and inbred chicken lines, to develop a method to 
characterize SNPs in an F t resource population, and to characterize the associations between 
the SNPs and response to challenge or vaccination with SE. 
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Material and Methods 
Experimental aninals 
The Fi generation of the Iowa Salmonella Response Resource Population (ISRRP) of 
chickens was used. Four outbred broiler breeder male line sires (29), each mated to three to 
six dams of three highly inbred, diverse lines (30), produced an Fi population in multiple 
hatches. The G-Bl and G-B2 inbred lines are two MHC-congenic Leghorn sublines that 
have been used for studies of MHC-restricted immune response and disease resistance 
(31,32). The Fayoumi (M15.2) line, which originated in Egypt, was imported to the United 
States because of anecdotal high resistance to leukosis. The Fayoumi line is genetically 
distant from the Leghorn and broiler lines and is unique in disease resistance characteristics 
and in specific alleles, compared with inbred Leghorn lines (30, 32, 33). 
Salmonella pathogenic challenge and quantification of bacterial load 
The Fi chicks were raised in floor pens and given ad libitum access to water and feed. 
The F, chicks (n = 194) from three hatches were intra-esophageally inoculated by intubation 
with 104 CFU/bird of virulent SE Phage type 13a at 1 d of age. Their health status was 
monitored twice daily. Half of the birds each were euthanized at 6 and 7 d of age by cervical 
dislocation. Spleen and cecal content were aseptically harvested for bacterial quantification. 
The SE culture and quantification procedures were as described by Kaiser and Lamont (34). 
Salmonella vaccination and antibody measurement 
Chicks (n = 314) from two hatches were evaluated for antibody response to SE 
vaccination. Birds were administered 0.2 ml commercial bacterin SE vaccine (Biommune, 
Lenexa, KS 62215) subcutaneously in the neck at 10 d of age. Blood samples (1.0 ml) were 
drawn from the wing vein of all chicks at 21 d of age. Prevaccination samples obtained from 
several chicks established that prevaccination SE antibody levels were not detectable. The 
blood was allowed to clot, centrifuged (16,000 x g, 5 min), and sera were collected and 
stored frozen until assayed. The ELISA assay was conducted using a commercial SE 
antibody kit (IDEXX Laboratories, Inc., Westbrook, ME 04092), with modifications as 
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described by Kaiser et al. (29). The antibody level was represented as (1-S/N), where S = 
sample ODÔSO, N = the triplicate means of the negative controls' ODgso 
Isolation of total RNA and DNA, cDNA characterization for PSAP, and PCR amplification 
for caspase-l, IAP-1, and PSAP genomic regions 
Spleen total RNA was isolated using ToTALLY RNA™ Kit (Ambion Inc., Austin, TX). 
First-strand cDNA was synthesized using RETROscript™ First Strand Synthesis Kit for RT-
PCR (Ambion Inc., Austin, TX). Genomic DNA was prepared by using a standard 
phenol/chloroform isolation procedure from erythrocytes collected from chicks at 5 d and 21 
d of age for SE challenge and SE vaccination, respectively (35). Primers were designed using 
Oligo 5 from database sequence of GenBank to characterize an overlapped 1202 bp PSAP 
cDNA and PCR amplify the genomic region for 878 bp of caspase-l, 394 bp of IAP-1, and 
112 bp of PSAP (Table 1), and were synthesized at the Iowa State University DNA 
Sequencing and Synthesis Facility (Ames, LA, 50011). 
The PCR for PSAP cDNA amplifications were carried out in 25-fi\ reaction volumes 
containing 25 ng cDNA, 0.8 fiM of each primer, 200 /iM of each dNTP, 1 unit of Taq DNA 
polymerase, 2.5 /il of 10 x PCR reaction Buffer, and 1.5 mM MgCh. PCR was performed 
using the touch-down program: step 1,94 °C for 3 min; steps 2-4,94 °C for 1 min, 65 °C for 
1 min, 72 °C for 1 min; steps 5-7,94 °C for 1 min, 64 °C for 1 min, 72 °C for 1 min; steps 8-
31, three-step cycles reducing the annealing temperature for 1 °C at each cycle; steps 32-34, 
94 °C for 1 min, 55 °C for 1 min, 72 °C for 1 min; step 35, three-step cycle as 32-34 for 24 
more times; step 36, 72 °C for 10 min. 
The PCR amplification for the genomic region of caspase-l, IAP-1, and PSAP were 
carried out in 25-/il reaction volumes containing 25 ng genomic DNA, 0.8 /iM of each 
primer, 200 /iM of each dNTP, I unit of Taq DNA polymerase, 2.5 fil of 10 x PCR reaction 
Buffer, and 1.5 mM MgCh. The PCR was performed for 35 three-step cycles at 94 °C for 1 
min, 60 °C for 1 min for caspase-l (62 °C for IAP-1 and 57 °C for PSAP), and 72 °C for 1 
min. For sequence analyses, amplified products were purified using a MICROCON® 
centrifugal filter (Millipore Corporation, Bedford, MA 01730). Nucleotide sequencing was 
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performed by the DNA Sequencing and Synthesis Facility (Iowa State University, Ames, IA 
50011). For PSAP cDNA polymorphism characterization, one cDNA sample each for broiler, 
Leghorn G-B 1 and G-B2, and Fayoumi were sequenced using both direction primers (total n 
= 8). For caspase-l genomic sequence, DNA samples from one bird from each inbred dam 
line were sequenced using both direction primers (total n = 6 sequences). Sequences were 
analyzed using Sequencher™3.1 (Gene Codes Corporation, Ann Arbor, MI 48108). 
PCR-RFLP assay for genotyping SNPs of caspase-l, IAP-1, and PSAP 
The restriction enzyme sites for each gene were detected by using a sequence analysis 
web server (http://mbcr.bcm.tmc.edu/). For restriction digestion of each SNP, a total final 
reaction volume of 20 gl was used (Table 2). Incubation time was 4h to overnight. 
Separation was by electrophoresis through 3.0% agarose gels. Only F, offspring for 
heterozygous sire were genotyped (Table 2). 
Statistical analysis 
General linear models were used to estimate the association between the genotype of the 
F] chicks of heterozygous sires and the SE bacteria count using SAS software version 8.1 
(SAS Institute, Inc., Cary, NC 27513). Model 1 was used for the combined sire families for 
each candidate gene, and Model 2 was used for the analysis of individual sire families. Both 
the spleen and cecum SE counts were transformed to their natural logarithms as response 
variables to achieve a normal distribution of the dependent variables in model construction. 
Model 1: Y,jki = p. + Allele; + Sirej + Dam linek + Allele x Sire^ +Allele x Dam lineik + eijki 
Model 2: Yijk = g + Allele, + Dam line, + Allele x Dam liney + e,jk 
where Yyki and Y,jk are defined as the response variables from each F% bird, natural 
logarithms of spleen bacteria count or cecal bacterial count. 
A linear mixed model was used to estimate the association between the genotype of the 
Fi chicks of the heterozygous sire families and the SE vaccine antibody level. Model 3 was 
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used for the combined heterozygous sire families, and Model 4 was used for the analysis of 
individual sire families. Sex and ELISA plate factors were included in the statistical model, 
based on frequent significance in other antibody studies. Plate effect, which varied among 
ELISA assays, was considered a random effect. 
Model 3: Yyumn = M- + Allele; + Sirej + Dam linek + Allele x Sireij +Allele x Dam lineik 
+ Sex, + Platem(Random) + e^imn 
Model 4: Yjjkim = \i + Allele; + Dam linej +Allele x Dam liney + Sext + Platej (Random) + eijkim 
where Yykimn and Yykim are defined as response variables from each Ft bird, (1- S/N) for 
antibody level. 
Results 
Identification of gene polymorphisms and genotyping F, chicks 
A 1070 bp fragment of caspase-l genomic region was PCR amplified from Leghorn G-
B1 and G-B2, and Fayoumi birds, from the 5' flanking region to partial exon 2. A total of 4 
polymorphisms were found in the 5' flanking region: aC -»T substitution for -368 bp 
position; a T —» C substitution for -291 bp position; an A —» G substitution for -230 bp 
position; and a C —>T substitution for-207 bp position. Sires 8170 and 8296 were 
heterozygous genotype C/T at the -368 bp position in the 5' flanking region; sire 8291 and 
Leghorn G-Bl and G-B2 were homozygous genotype T/T; and sire 8338 and Fayoumi were 
homozygous genotype C/C. Thus, the C—>T substitution of Hsp92 n polymorphism for -368 
bp of 5' flanking region was selected for PCR-RFLP genotype. All Fi offspring from the two 
heterozygous sires (n = 48 for SE challenge, n = 139 for SE vaccination) were genotyped to 
identify the sire allele effect in each SE response trait (Figure 1). 
A PCR-RFLP assay was developed to identify a Bgl I SNP to characterize the 
polymorphism at Ala157 for IAP-1. Sires 8170, 8291, and 8338 were heterozygous G/A. 
Leghorn G-Bl and G-B2 were homozygous GIG, and Fayoumi was homozygous A/A (Table 
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2). All Fi offspring of three heterozygous sires in SE challenge group (n = 109) and Fi 
offspring of sire 8170 in SE vaccination group (n = 84) were genotyped (Figure 2). 
A total of four synonymous polymorphisms were found in 1202 bp cDNA of PSAP 
coding region among broiler, Leghorn G-Bl and G-B2, and Fayoumi lines. The Fayoumi 
had G/G at the Ala27 position, and the other three lines had A/A. The broiler line had C/C at 
the Leu178 position, and the other three lines had A/A. The three inbred lines had G/G at the 
Leu179 position, and the broiler line had heterozygous C/G. The Fayoumi had A/A at the 
Gly27' position, the Leghorn G-Bl and G-B2 had G/G, and the broiler line had heterozygous 
A/G. Primer set PS AP5F/5R was developed to amplify a 112 bp genomic region including 
the Gly27' position, and Tfi I was selected as the restriction enzyme to identify the SNP for 
Gly27'. Sires 8296 and 8338 were heterozygous genotypes for Gly27'. Thus Fi offspring of 
these two sires (n = 83 for SE challenge, n = 104 for SE vaccination) were PCR-RFLP 
genotyped (Figure 3). 
Association of sire caspase-l allele with SE response 
Caspase -l. In the SE-challenged group, there was a significant interaction between sire 
allele and dam line (P = 0.06) for spleen bacterial load, and therefore dam-line crosses were 
separately analyzed. Caspase-l alleles showed a significant difference (P = 0.02) in the 
analysis of combined sire 8170 and 8296 Fi offspring in the G-Bl cross (n = 22, Table 3), 
where sire allele C was associated with lower spleen bacterial load. Caspase-l showed a 
significant effect on cecum content bacterial load (P = 0.04) in the analysis of combined sire 
8170 and 8296 Ft offspring (n = 47, Table 3), where sire allele C was associated with higher 
cecum content bacterial load. 
In the SE vaccination group for sire 8170 and 8296 Ft (n = 139), the interaction between 
caspase-l allele and sex was significant (P = 0.06), and thus sexes were separately analyzed. 
The caspase-l allele showed significant (P = 0.03) effect on antibody level in Ft males 
(Table 3, n = S3), where sire allele C was associated with lower antibody level. 
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Association of sire IAP-1 allele with SE response 
For the SE challenged group, Fi offspring of the three heterozygous sires (8170, 8291, 
and 8338) were genotyped. Sire IAP-1 allele was significantly associated with spleen SE 
bacterial load in the analysis of combined three sire families (P = 0.04, n = 104, Table 4), 
where sire allele A was associated with lower spleen bacterial load. For cecum SE bacterial 
load, the interaction of sire IAP-1 allele by dam line (P = 0.01, n = 109) was significant, and 
thus the dam line crosses were separately analyzed. Sire IAP-1 allele was associated with 
cecum bacterial load in both G-B2 and Fayoumi crosses (P = 0.08 for both contrasts, n = 46 
and 23, respectively. Table 4) but in opposite directions. Sire allele A was associated with 
lower cecum content bacterial load in the G-B2 cross, but with higher cecum bacterial load in 
the Fayoumi cross. For the SE vaccinated group, F, offspring of sire 8170 (n = 84, Table 4) 
were genotyped, and there was no association between sire allele and antibody level response 
to the SE vaccine. 
Association of sire PSAP allele with SE response 
There was significant interaction (P = 0.004, n = 79) between the PSAP allele and sex on 
spleen bacterial load in the combined analysis of the two heterozygous sires (8296 and 8338) 
Fi offspring, and therefore, sexes were separately analyzed. Sire allele A was significantly 
associated with lower spleen bacterial load (P = 0.007, n = 35) in males, but no significant 
association was identified in females. No significant sire allele effect on SE cecum bacterial 
load (n = 83) or on SE antibody (n =104) was shown from the two heterozygous sire 
families. 
Discussion 
This is the first report of an association between caspase-1, IAP-1, and PSAP gene 
polymorphisms and response to Salmonella enteritidis in chickens. Even though the 
polymorphisms of each examined gene were not amino acid substitution sites, the 
associations with Salmonella response may be because of a linkage to functional 
polymorphisms in the same or nearby genes. 
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The significant sire allele effect of caspase-1 on spleen and cecum content bacterial load 
and IAP-1 on spleen bacterial load may reflect the important function of caspase-1 and IAP-1 
on host immune response to Salmonella. Both caspase-1 and IAP-1 are involved in the 
apoptotic pathway of the bacteria interaction with host cells (8, 11). The association between 
the two genes and bacterial load to SE challenge across various genetic combinations of sires 
and dam lines suggests that the caspase-1 and IAP-1 genes may be effectively applied in 
marker-assisted selection for Salmonella response across populations. 
The unique population design of crossing outbred broiler sires with multiple, diverse 
inbred dam lines allowed detection of gene interaction between the sire allele and dam line 
genetics on the F, offspring response to SE. In the current study, there was a significant 
interaction between sire caspase-l allele and dam-line on spleen bacterial load, and between 
sire IAP-1 allele and dam-line on cecum content bacterial load. Similar results were also 
found in a study of quantitative trait loci (QTL) linkage for spleen and cecum bacterial load 
using the same F, population, where the microsatellite sire allele-by-dam line interactions 
were significant for both spleen and cecum content (15). The presence of interaction 
indicates the need to evaluate the potential impact of such interactions before the use of 
candidate gene in marker-assisted selection in new populations. 
The significant association between caspase-1 polymorphism and spleen SE load reflects 
the critical roles of caspase-1 genes in host systemic immune response to Salmonella 
infection. Salmonella can pass through M cells in the intestinal mucous membrane, and 
within the mucosa, the bacteria localize to lymphoid follicles, where they are phagocytosed 
by macrophages (36). In vitro studies showed that Salmonella survive and multiply within 
macrophages (37). Salmonella invasin protein SipB directly binds to and activates caspase-l 
to trigger macrophage apoptosis. Hersh et al. (7) showed that purified SipB is sufficient to 
induce macrophage apoptosis, and caspase-1 activation by SipB is necessary for macrophage 
cytoxicity. Macrophage apoptosis results in the release of the mature form of one substrate 
of caspase-1, the proinflammatory cytokine interlukin-lp, which can recruit neutrophils to 
the infected site, and allow many bacteria to reach the basolateral epithelial-cell membrane 
(36). The internalized Salmonella may be transferred by blood or lymph circulation to the 
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spleen where they initiate a systemic immune response. Recently Ricciardi-Castagnoli and 
colleagues (38) reported that dendritic cells migrating below the epithelium layer could open 
the tight junction between epithelium cells, sample Salmonella from the lumen content, and 
directly transport the bacteria to the spleen to induce the systemic response. 
It would be of interest to study the interaction between caspase-1 and IAP-1 alleles on 
chick response to SE. Biological study showed that IAP-1 could be involved in host immune 
response to intracellular bacterial by inhibiting the activity of caspase-1 (11). The number of 
observations, however, in the current study was not of sufficient statistical power to detect 
interaction between the two genes on SE response. 
Genome scan is an effective approach to identify QTL for traits of interest. The PSAP 
gene was selected as a positional candidate gene based on a QTL linkage analysis on the 
same population (14, 15), in which microsatellite marker ADL0138 was associated with SE 
responses in a genome scan study using the same F, population, in agreement with the 
current study. A significant interaction of sire microsatellite allele with sex on spleen 
bacterial load was also observed (15). The chicks were challenged with SE at 1 d of age, and 
spleen and cecal content were harvested when birds were euthanized at 6 or 7 d of age, at 
which age few sex-determined phenotype differences are noted. Perhaps there is an 
interaction between loci near where PSAP and ADL0138 are located on chromosome 6 and 
loci on the chromosome Z that affect the young chicks' response to SE challenge. 
In summary, the SNPs of caspase-1 and IAP-1 genes were associated with bacterial load 
of spleen and cecum content after exposure to pathogeneic SE. The SNP of caspase-l was 
also associated with antibody response to the SE vaccine. The SNP of PSAP was associated 
with spleen bacterial load. This study illustrates the efficacy of using genes of biological 
function defined in other species to identify candidate genes in chickens. The three candidate 
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Table 1. Primer design for polymorphism identification of caspase-1,1AP-1, and PSAP 
Gene GenBank 
accession# 
Primer Sequence PCR product Annealing Tm 
(bp) for PCR 
amplification/Mg2* 
caspase-1 AF03135I CASPFI 
CASPRl 
5 ' -CC ATGCTTGGGCTCTC AGTG-3 ' 
5 -GGTCCCGC AG ATCCC AGTG-3 ' 
1070 bp 
genomic 
60 °C/ 1.5mM 
IAP-1 AF22I083 IAPIEIF 
IAPIE1R 





PSAP AB003471 PSAPIF 
PSAPIR 
5 ' -GCCCTGTTTTGTGGC AG A AG -3 ' 






5 ' -GC ATTCGGCTGGTTACTG AT-3 ' 




PSAP5F 5 -GGACATTTGTGCCATGGTT -3' 112 bp 55 °C / I 5mM 
PSAP5R 5 ' -GGCTTTCTCC ACAGTTTCC A-3 ' genomic 















Total N for 
genotyped FI 













5.5*11 37 °C 187 





















65 °C 186 
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Table 3. LSMeans, standard error (N) and P value between C and T sire alleles at -368bp of 
5' flanking region of caspase-1 gene in sire 8170 and 8296 FI population for natural 
logarithms of spleen and cecum S. enteritidis bacterial load by dam line and combined; 
antibody response to S.enteritidis vaccine by sex and dam line and combined. 
Phenotype Group C T P value 
Spleen All 20.14 ±0.10 (31) 20.36 ±0.14 (17) 0.22 
count1 G-Bl 19.90 ±0.13 (14) 20.49 ±0.19 (8) 0.02 
G-B2 20.30 ±0.15 (11) 20.60 ± 0.22 (4) 0.27 
M15.2 20.23 ±0.19 (6) 20.00 ± 0.22 (5) 0.42 
Cecum All 18.90 ±0.16 (29) 18.34 ±0.20 (18) 0.04 
count1 G-Bl 18.96 ±0.22 (13) 18.43 ±0.30 (8) 0.16 
G-B2 18.93 ±0.24 (10) 18.46 ±0.32 (5) 0.25 
M15.2 18.82 ±0.30 (6) 18.15 ±0.34 (5) 0.15 
Antibody All 0.17 ± 0.03 (65) 0.20 ± 0.03 (74) 0.17 
level- Male 0.18 ± 0.04 (24) 0.26 ± 0.03 (29) 0.03 
Female 0.16 ±0.03 (41) 0.15 ±0.03 (45) 0.70 
G-Bl 0.21 ±0.04 (12) 0.27 ±0.04 (15) 0.25 
G-B2 0.14 ±0.03 (36) 0.19 ±0.03 (35) 0.17 
M 15.2 0.16 ±0.04 (17) 0.15 ±0.04 (25) 0.98 
1 Natural Log(number) of SE bacteria. 
2(1 - S/N) for SE antibody ELIS A assay, where S = sample OD 63o, and N = the triplicate 
means negative control ODoso 
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Table 4. LSMeans, standard error (N), and P value between A and G sire 
alleles (Ala157) of IAP-1 gene for sire 8170 FI S. enteritidis vaccine antibody, and sire 8170, 
8291, and 8338 FI natural logarithms of spleen and cecum bacterial load, by 
dam-line and combined. 
Group A T P value 
Spleen All 19.95 ± 0.09 (46) 20.21 ±0.09 (58) 0.04 
Count1 G-Bl 19.91 ±0.15(15) 20.22 ±0.12 (25) 0.10 
G-B2 20.03 ±0.12 (22) 20.09 ±0.13 (20) 0.73 
Fayoumi 19.92 ±0.18 (9) 20.31 ±0.16 (13) 0.11 
Cecum All 18.62 ±0.15 (47) 18.47 ±0.15 (62) 0.48 
Count1 G-Bl 18.71 ±0.25(15) 18.44 ±0.19 (27) 0.39 
G-B2 18.46 ±0.20 (23) 19.00 ±0.22 (21) 0.08 
Fayoumi 18.68 ±0.31 (9) 17.96 ±0.27 (14 0.08 
Antibody All 0.21 ±0.03 (38) 0.22 ± 0.03 (46) 0.58 
Level- G-Bl 0.28 ±0.05 (8) 0.31 ±0.06(8) 0.72 
G-B2 0.20 ±0.04 (16) 0.19 + 0.04 (20) 0.94 
Fayoumi 0.14 ±0.05 (14) 0.16 ±0.04 (18) 0.56 
1 Natural log (number) of 5. enteritidis bacteria. 
2( 1 - S/N) for S. enteritidis vaccine antibody ELIS A assay, where S = sample OD63o, 
and N = the triplicate means of the negative control ODoso 
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Figure 1. PCR-RFLP of a Hsp 92 H polymorphism at -368 bp 
of 5' flanking region for caspase-1 in FI offspring 





Figure 2. PCR-RFLP of Ala 157 Bgl I polymorphism for IAP-1 
in FI offspring of sire 8170, 8291, and 8338. 
100 bp 
Ladder C/T C/C T/T 
G/A A/A A/A G/G 25 bp 
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Figure 3. PCR-RFLP of Gly 271 Tfi I polymorphism for PSAP 
in FI of sires 8296 and 8338. 
A/G G/G G/G A/A G/G Ladder 
112 bp —J 
91 bp —  ^
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CHAPTER 5. GENERAL CONCLUSION AND DISCUSSION 
General Conclusion 
The candidate gene approach for identification of QTL for chicken response to 
Salmonella enteritidis (SE) was used in the current study. NRAMPl, MHC class I and class 
H, caspase-1, and IAP-1 were selected as candidate genes based on their biological functions, 
and prosaposin was selected based on position from a QTL study using the same population. 
Single nucleotide polymorphisms of all these genes were associated with bacterial load (in 
spleen and cecum) after challenge with SE or antibody response to SE vaccination in the 
Iowa Salmonella Response Resource Population (ISRRP) or both. All these genes are, 
therefore, strong potential candidates for application in marker-assisted selection to improve 
genetic resistance to disease or enhance vaccine efficacy in breeding populations. Flanking 
markers of these candidate genes should be used to confirm the association. 
Discussion 
Salmonellae are important zoonotic pathogens that have caused food-borne disease 
worldwide during the last few decades. Vaccines used for control of Salmonellae in farm 
animals are expensive, labor consuming, and not always effective because of the increasing 
bacterial variability in field. Antibiotics usually used for disease treatment have become less 
effective also, because some bacteria strains are resistant to the antibiotics. Antibiotic 
resistance also causes problems in that the resistance to the antibiotics could be transferred to 
humans eating the animal products. Genetic improvement for disease resistance in farm 
animals supplies an alternative solution for controlling infection with Salmonellae. QTL 
identification for resistance to Salmonellae for application in marker-assisted selection is a 
key for genetic improvement. 
To identify QTL for resistance/susceptibility to infectious disease for use in marker-
assisted selection is a challenging job, because the mechanisms that control genetic 
susceptibility and resistance of hosts to infectious disease are very complex. First, there may 
be single or multiple genes responsible for the trait of interest. Those genes may interact 
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with each other in host systemic response to the pathogens during immune response in 
complex signaling pathways, or may interact with environmental factors. These factors 
directly affect the accuracy of correct detection of a potential QTL. Second, the variability of 
pathogens in their ability to invade a host also contributes to the host's susceptibility and 
resistance to infectious disease. A closer examination of the mechanisms of how an infection 
occurs and how the hosts and pathogens interact will greatly facilitate the studies to better 
control infections. Third, the degree of susceptibility and resistance may be influenced to a 
large degree by environmental factors. In general, anything involved in the 
genetic/biochemical/physiological pathways determining the host-pathogen interactions may 
be subjects of study. 
Phenotypic changes in the hosts (and microbe as well) during infections are encoded by 
the genomes of the hosts (and the pathogens), expressed in certain environmental conditions 
(Figure 1). Genome-wide approaches to characterizing the genotype and phenotype or 
expression profiling of all genes involved will eventually lead to global dissection of 
infections, although it is very costly and time-consuming. In this study, we focused only on 
the candidate gene approach, and the outcome has been very encouraging. In combining 
results from other approaches, I believe we will be able to learn more of the "whole picture 
story" as to how the mechanisms of infection and pathogenesis occur, providing better clues 
for genetic control of the disease. 
There are additional genes that are important based upon their functions in host response 
to Salmonella and other intracellular bacteria, and those genes should be included in the next 
stages in candidate gene studies (Table 5.1). 
As in all experiments, there are potential short falls in the current experimental design. 
The broiler sire line and three highly inbred dam lines in the current study were chosen based 
on their physiological characterization, but not previously differentiated as specific 
resistant/susceptible populations for Salmonellae. The associations between the gene 
polymorphisms and response to Salmonella identified in the current population does not 
guarantee that these polymorphisms are the functional (causal) polymorphisms. It is possible 
that these polymorphisms are in linkage disequilibrium with the true functional 
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polymorphism in the current population. Thus, testing the association of these 
polymorphisms with Salmonellae response in other genetic resource populations is necessary 
to additionally confirm QTL for SE response. Because it is not currently very feasible to 
knock out a gene or a particular nucleotide in chickens, it is more difficult to definitively 
prove a causal genetic factor for any trait. 
Mouse models have been successfully used for studies on pathogenesis of various 
microbial infections (Huang et al., 2002), these results can be applied in chicken studies. 
Because of the short generation times and high breeding efficiency, the mouse model is 
extremely useful for identification of the genetic basis for host response to pathogens. 
Selecting, breeding, and crossing between highly resistant and susceptible inbred lines to 
challenge with a specific pathogen is usually the first step for genetic dissection of disease 
resistance in using mouse models. Then, QTL identification for disease could be easily done 
by genome scan of the F2 or backcross offspring populations, and QTL could be located to 
relatively narrow chromosomal regions because of the availability of very dense genetic 
markers and relatively large sample sizes. Thus, positional cloning is feasible and has been 
successful in identification of causal genetic factors for disease resistance in mice, such as 
Nrampl as the gene for natural resistance to infection with intracellular pathogens (Vidal et 
al., 1993). Comparing the sequences between resistant and susceptible mice to identify point 
mutations (nucleotide substitution, insertion, and deletion) within a candidate gene, and then 
mutating the specific nucleotide is one way to confirm the functional polymorphism. Gene 
knockout and knockin techniques and using homozygous recombinant mice for point-
mutation studies are convenient for understanding candidate gene function in host response 
to pathogens. The availability of highly developed comparative map between human and 
mouse, and whole genome sequence availability in human and mouse make it easy to 
identify orthologues of disease resistance genes in human. Because the comparative maps 
between chicken, mouse and human are now becoming available 
(http://www.thearkdb.org/browser7specieszchicken), the comparative approach is helpful to 
identify orthologues of disease resistance genes in chicken. 
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Infection with Listeria has proven an important model system for understanding host 
resistance to intracellular bacteria, which is also a good reference to study host resistance to 
Salmonella. Contamination of food products with L. monocytogenes poses a serious threat to 
human health, particularly in pregnant woman (causing abortion) or immunocompromised 
individuals (Farber and Peterkin, 1991; Schuchat et al., 1991). L monocytogenes is a Gram-
positive facultative intracellular bacterium, which can invade phagocytes and epithelial cells, 
and is initially contained within phagosomes. Neutrophils play a key role in the early control 
of Listeria growth, and macrophage and NK cells are also critical during early infection 
(Edelson and Unanue, 2000). TNF-a, IL-12, and IFN-y are three key cytokines during 
Listeria infection. Infection of macrophages with Listeria results in macrophage production 
of TNF-a and IL-12, the two cytokines then cause NK cells secretion of IFN-y, and with the 
combination of TNF-a, IFN-y then activates macrophage (Unanue, 1997). Activated 
macrophages then increase the level of MHC class II and become listericidal through the 
production of free radicals (Beckerman et al., 1993). Alternatively, splenic CD8a+ dendritic 
cells produce IFN-y in response to Listeria infection in the absence of NK cells (Ohteki et al., 
1999). Mice neutralized of TNF-a, IL-12, or IFN-y by mAbs, or in any one of these 
cytokines knockout mice quickly succumbed to an overwhelming infection, which showed 
the critical role of these cytokines during the Listeria infection (Unanue, 1997). Other 
cytokines, such as IL-10, IL-1, IL-6, IL-2 are also important for host response to Listeria 
(Czuprynski and Haak-Frendscho, 1997). The mechanism for host-pathogen interactions 
during entry and actin-based movement of L. monocytogenes and pathogenesis were well 
reviewed (Ireton K and Cossart, 1997; Vazquez-Boland et al., 2001). Thus, in addition to 
comparative data from other host species, detailed information of resistance genes related to 
other pathogenic bacteria can help guide future choices of candidate genes for Salmonella. 
The genome projects for human, mouse, major livestock farm animals, and other species 
have developed rapidly during the past 15 years. Very dense genetic linkage maps and 
physical maps have been created in human and mouse. Comparative maps between human, 
mouse, and livestock farm animals significantly improve the speed for QTL identification in 
farm animal species. Whole genome sequencing for human and other species greatly 
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accelerate important gene discoveries. For example, the TLR family for host innate immune 
response was found in humans based on comparative analysis of genomics between 
Drosophila and humans, and was later found in farm animal species. This gene family should 
be studied for disease associations also in chickens. 
The conservation of synteny between chicken and human genomes is surprisingly high, 
even higher than that between human and mouse (Burt et al., 1999). The comparative maps 
between chicken, human and mouse were used to estimate the number of autosomal 
conserved segments between these species (Burt et at., 1999). The number of autosomal 
conserved segments between chicken-human is 154, of which 100 (65%) have been defined 
(Burt et al., 1999). More genes are required to be mapped to identify the remaining small 
conserved segments between the two species. The rapidly progressing human genome project 
and the highly conserved synteny between chicken and human will be very helpful to identify 
QTL in the chicken. 
Many new molecular techniques have been developed and recently applied for QTL 
identification. Biallelic single nucleotide polymorphisms (SNPs) markers are complementary 
to microsatellite markers where the microsatellite makers are sparse in the genetic linkage 
map. Construction of SNP maps is currently underway (Wang et al., 1998). Functional 
genomics is used to identify structural or expression variations that are responsible for host 
resistance/susceptibility. The DNA microarray can test the expression profiling for thousands 
of genes simultaneously. It is rapid, convenient in some species due to chip 
commercialization, and cost effective. The combination of the genome scan approach and 
DNA microarray technique to identify QTL for complex traits such as disease resistance has 
been previously discussed in the literature review section. Technologies for proteomics, 
which study protein expression level or protein interaction in signaling pathways for host 
response to pathogen, could also be combined with genetic studies. Protein chips have been 
developed and commercialized for drug discovery in the pharmaceutical area. Different 
protein expression levels or protein interactions between disease resistant and susceptible 
lines could be compared and combined with the results from DNA microarray analyses and 
QTL analyses. 
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One important issue for the study of host resistance to bacteria pathogens is 
understanding the host-pathogen interaction. Infectomics, defined as structural and functional 
genomics and proteomics of infectious diseases, and the infectome, referred to as dynamic 
expression-profile changes in microbes and their hosts during microbial infections were 
recently proposed by Huang et al. (2002). Fifty-nine microbial genomes, including 24 
microbes that causing infectious diseases in humans have been completely sequenced (Huang 
et al., 2002; http://www.tigr.org/tdb/mdb/mdbcomplete.html). This aids global understanding 
of genomic features and organization of bacteria' pathogens and their pathogenicities. It will 
also be helpful for identifying host receptors for bacterial virulence genes and for vaccine 
development. 
In summary, genetic improvement for host resistace to infectious disease, such as 
salmonellosis, is a long-term and cost-effective way to control food contamination in 
humans. The candidate gene approach for detecting QTL for host response to Salmonellae 
and other intracellular bacteria has been successfully applied in the current study and other 
similar research. Even though new technologies such as DNA microarray, protein chips and 
SNP-based genetic maps are emerging, their use in chicken studies is still limited, due to 
currently underdeveloped biological resources and technologies. Results from human and 
mouse studies can help to understand the mechanism of host-pathogen interaction during 
infection and, therefore, may be of promising utility for comparative studies in the chicken. 
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Table 5.1. Host Candidate Genes to test for Salmonella Control in the Chicken 
Gene Accession 
Number 
Species cDNA or 
eDNA 
References 
IFN-Y Y07922 Chicken gDNA Kaiser et al., 1998; Habermann 
et al., 2001 
IL-12 AY008847 Human gDNA Huang et al., 2000 
TNF-a M38296 Mouse gDNA 
NM_013693 Mouse cDNA Fransen et al., 1985 
AF247608 Human gDNA Vidigal et al., 2002 
IL-1 Y15006 Chicken cDNA Weining et al., 1998 
IL-2 AF000631 Chicken cDNA Sundick and Gill-Dixon, 1997 
IL-6 AJ309540 Chicken cDNA Schneider et al., 2001 
IL-10 U16720 Human gDNA 
CD 14 XM_039364 Human cDNA 
NM_009841 Mouse cDNA Matsuura et al., 1989 
LBP NM_004139 Human cDNA Schumann et al., 1990 
NM_008489 Mouse cDNA Lengacher et al., 2002 
TLR2 AB046533 Chicken cDNA Fukui et al., 2001 
TLR4 NM_138557 Human CDNA Medzhitov et al., 1997 
AY005808 Equine cDNA 
TLR5 NM_003268 Human cDNA Rock et al.. 1998 
NM_016928 Mouse cDNA Sebastiani et al., 2000 
MD-2 NM_015364 Human cDNA Abreu et al., 2001 
AF368418 Bovine cDNA 
MyD88 NM_002468 Human cDNA 
X86457 Mouse gDNA Harroch et al., 1995 
IRAKI NM_001569 Human cDNA Cao et al., 1996a 
TRAF6 NM_004620 Human cDNA Cao et al., 1996b 
NIK AJ008112 to 
AJ008134 
Human cDNA Aronsson et al., 1998 
INOS D85422 Chicken cDNA Shimizu et al., 1998 
Defensins NM.004942 Human cDNA Liu et al., 1998 
Cathelicidins A J224929 Equine cDNA Scocchi et al., 1999 
L46853 Sheep cDNA Bagella et al., 1995 
Pathogen 
Figure 5.1 Strategies to identify genetic factors to develop approaches 
to reduce infectious diseases 
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